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Abstract 
Titanium matrix composites with TA15 alloy as the matrix and TiB (ranging from 0 to 4 vol%) as 
reinforcement were produced via powder metallurgy-based hot press sintering, employing 
AlB2 precursor. The addition of TiB to TA15 led to a substantial reduction in the colony and prior β grain 
sizes, and an increase in the lath thickness in the composites. Plastic deformation due to planar slip, 
which traverses across the α/β-ligament phase boundaries within each colony, may cause TiB 
particles located on colony boundaries to break, potentially more so than those within the colony. The 
composite containing 1 vol% TiB exhibited simultaneous improvements in strength, ductility, and 
strain hardening rate, attributed to colony refinement and possibly a sizable amount of intra-boundary 
TiB. Further increase in the TiB content led to significant drops in ductility, which was further 
exacerbated by the precipitation of α2-Ti3Al phase. A substantial decrease in the mode I fracture 
toughness, attributed to reduced colony size and diminished crack deflection, was noted in the 
composite with 1 vol% TiB. The colony size refinement also contributed to a reduction in the threshold 
stress intensity factor range, ΔK0, for the fatigue crack growth, owing to the decreased tortuosity of the 
fatigue crack front. This study elucidates the intricate relationship between TiB location, 
microstructure, and mechanical properties, providing insights for the design of TiB-reinforced 
titanium alloys with both α and β phases. 
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1. Introduction 
Titanium and its alloys find extensive applications in the aerospace, chemical, marine, and 
biomedical industries due to their exceptional mechanical and physical properties, including high 
specific stiffness and strength at both ambient and elevated temperatures, as well as excellent 
corrosion and oxidation resistances [1]. In order to enhance their specific strength and service 
temperature further, titanium matrix composites (TMCs) with various ceramic reinforcements are 
being explored [[2], [3], [4], [5], [6]]. Amongst them, TMCs with TiB (and TiC) are the most widely 
studied [3,[7], [8], [9], [10], [11], [12], [13], [14], [15], [16], [17], [18]]. In addition to a high elastic 
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modulus (∼450–550 GPa) [19,20] and melting point (∼2200 °C) [21], the similarity in the thermal 
expansion coefficients of TiB and Ti (CTETi = 8.6 × 10−6 K−1, CTETiB = 7.2 × 10−6 K−1) [3,22] and the lattice 
constants (lattice mismatch <3.6 %) are the reasons for TiB being a favorite reinforcement candidate 
among researchers in this field [23,24]. While increasing the TiB content can lead to significant 
strength improvements at room temperature (to ∼1500 MPa [25,26]) and elevated temperatures (to 
∼900 MPa at 600 °C [27]), a marked reduction in room temperature ductility often accompanies them, 
with most TiB/Ti-6Al-4V composites exhibiting elongation to failure of less than 6 % [26]. Overcoming 
this strength-ductility trade-off in TMCs is a major challenge and, if accomplished, would enhance the 
overall reliability of this material. Amongst various approaches being explored, refinement of the TiB 
size or engineering mesostructures through the inhomogeneous distribution of particles show 
promise [7,[26], [27], [28]]. While such methods have shown improvements in the composite's 
ductility, they still fall well-short of the ductility of the original monolithic matrix [26,27]. Processing 
the TMCs with the powder metallurgy routes provides additional flexibility, in terms of controlling the 
size and spatial distribution of the TiB particles [26,29,30]. Moreover, powder metallurgy is a near-net 
shape process involving mainly solid-state diffusion [31], which gives it an edge over casting 
procedures by minimizing the requirement of post-process machining and avoiding solidification 
defects such as shrinkage pores [30]. It is also important to note that the solidification sequence 
during casting inherently leads to reinforcement segregation at prior beta grain boundaries [32] —a 
critical factor known to contribute to premature reinforcement failure [33]. 
A recent work on La2O3/Mo composites suggests that incorporating nano-sized reinforcement 
particles within the grain, rather than at the grain boundary, can lead to simultaneous enhancements 
of strength and ductility [34]. Our previous work on TiB/Ti further demonstrates that this concept can 
be extended to microscale reinforcement particles [35]. By having TiB particles to be within the grain, 
strain hardening capacity of the alloy is improved by promoting duplex slip, unlike TiB particles in 
contact with grain boundaries which fail prematurely (and, thus, lead to lower ductility) [35]. This 
results in simultaneous enhancements of strength, ductility, and fracture toughness, compared to 
unreinforced commercially pure titanium (CP-Ti) [35]. 
While the above approach is promising, exploring it in the context of dual-phase Ti alloys (referring to 
near-α Ti alloys and (α+β) Ti alloys, containing <10 vol% and 5–40 vol% β-Ti phase, respectively [36,37]) 
is essential, as they are more relevant and widely used as structural materials [38]. The grain boundary 
structure in CP-Ti is much more simplistic than that in the dual-phase Ti alloys [39,40]. In the latter, 
one should consider the location of TiB on different types of boundaries, such as α/β phase, colony, 
and prior β-grain boundaries [[40], [41], [42]]. Therefore, it is imperative to investigate whether the 
same tactic to introduce the majority of TiB into the grain interior in CP-Ti, as in our previous work [35], 
will still work on a dual-phase Ti alloy. This is particularly important given that further and extensive 
formation of α/β-ligament phase boundaries can occur as the alloy cools down [40], thereby 
increasing the probability of having TiB particles in contact with the phase boundaries, especially 
when the length of TiB approaches or exceeds that of the α phase. Note that the term α/β-ligament 
boundary is used instead of α/β boundary to exclude phase boundaries located on the colony 
boundaries. 
Note that whether a TiB particle fails prematurely or not is highly dependent on the slip systems 
around it. Premature failure of TiB located on a grain boundary could be due to the bending moment 
induced by multiple slip on different sides of TiB, originating from different grains with different 
crystallographic orientations [35]. However, TiB within a grain that experiences the same slip systems 
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around it will have a stress state closer to pure shear, as most Ti alloys possess the planar slip 
deformation characteristic [[43], [44], [45]]. Given the small misorientation of slip planes between the 
α phase and β ligaments, slip can pass through their interface with little resistance and have a similar 
orientation [43,46], rendering the boundary inconsequential for dictating the premature failure of TiB 
particles. In other words, it could be possible that there is a need to only consider whether TiB is on 
the colony boundary, as opposed to other boundary types. 
In light of the above considerations, we examine the TA15 alloy (a type of near alpha titanium alloy 
with the nominal composition of Ti-6.5 A l-1Mo-1V-2Zr) reinforced with TiB particles, produced using 
the powder metallurgy approach with AlB2 as the precursor. (This method, as mentioned previously, 
was employed in TiB/Ti TMCs to introduce a majority of TiB into the grain rather than the grain boundary 
of CP-Ti, although the exact reason for this phenomenon remains unclear [35]). TA15 is known for its 
elevated temperature properties [47], and reinforcing it with TiB can further enhance these 
characteristics [48]. However, reinforcements may also reduce its damage tolerance at room 
temperature, which is crucial for reliable deployment. Therefore, while acknowledging the importance 
of high temperature usage, this study primarily focuses on the microstructural features and the 
uniaxial tensile, fracture toughness, and fatigue crack growth behaviors specifically at room 
temperature. The significance of TiB's interaction with different boundary types and the mechanical 
behavior associated with different TiB content levels (ranging between 0 and 4 vol%) were investigated. 
Additionally, a detailed comparison of fracture toughness between the TiB/TA15 composites and 
TiB/Ti systems [35] was provided. 
2. Materials and experiments 
2.1. Materials 
The metallic matrix of the TMCs is TA15 alloy, a near-α type titanium alloy with the nominal 
composition of 5.5–7.1 wt% Al, 1.5–2.5 wt% Zr, 0.8–2.5 wt% V, and 0.5–2.0 wt% Mo [49,50]. The raw 
materials for creating TiB/TA15 consisted of a blend of pre-alloyed TA15 ELI spherical gas atomized 
powder (median particle size ∼100 μm) and fine AlB2 precursor (>99.5 % purity, <5 μm average 
diameter). The in-situ reaction between AlB2 and Ti takes place during sintering (AlB2 + 2Ti → 2TiB + Al), 
resulting in the formation of TiB, as well documented in Refs. [18,51]. The fabricated TiB/TA15 
composites, with the expected volume fractions of TiB (VTiB%) of 0, 1, 2, and 4 %, are denoted 
hereafter as A0, A1, A2, and A4, respectively. Their chemical compositions were determined using 
inductively coupled plasma optical emission spectroscopy (ICP-OES) and are listed in Table 1. 
Table 1. Weight of AlB2 utilized for fabricating samples A0, A1, A2 and A4, along with the estimated TiB 
volume fractions in them and the measured chemical compositions. 

Samples Volume fraction of TiB, VTiB% Chemical composition (wt%) AlB2 content (wt%) 

Al Zr Mo V B Ti 

A0 0 6.10 1.51 1.04 1.83 – Bal. 0 

A1 1 6.37 1.47 0.91 1.62 0.19 Bal. 0.43 

A2 2 6.41 1.53 0.66 1.40 0.38 Bal. 0.85 

A4 4 6.92 1.52 1.04 1.66 0.82 Bal. 1.70 

The sample fabrication procedure involves ball milling of the powders, followed by hot-press sintering. 
Predefined proportions of TA15 and AlB2 powders were first mixed and then subjected to planetary 
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ball milling with agate milling balls inside a stainless-steel jar under an argon atmosphere. Each 
powder batch undergoes a total milling time of 8 h, with a rotation speed of 150 rpm and a ball-to-
powder ratio of 5:1. The primary purpose of the ball milling process is to uniformly coat the relatively 
large TA15 particles with the AlB2 particle satellites. Negligible changes in particle size and 
morphology can be seen after milling, as shown in Fig. S1. Subsequently, the milled powder is 
transferred to a columniform graphite mold and subjected to reaction-sintering using a hot-press 
sintering system operating under a high vacuum (10−3 Pa). An initial 30-min degassing procedure at 
250 °C was conducted, followed by powder consolidation at 1200 °C for 60 min under 20 MPa 
pressure, and then furnace cooling. The procedure resulted in 45 mm (diameter) × 18 mm (height) 
cylindrical samples with virtually negligible porosity, which were inspected through optical 
microscopy of the polished cross-sections. 
2.2. Experiments 
The specimens for microstructural characterization were subjected to mirror polishing using 
successively finer SiC papers, followed by 3 μm diamond and 0.04 μm SiO2 + H2O2 suspensions. The 
addition of H2O2 facilitates the removal of surface residual stress and improves EBSD pattern quality, 
which is a chemical-mechanical polishing approach commonly employed for metallography 
preparation of titanium and its alloys [[52], [53], [54]]. When necessary, they were also etched with the 
Kroll's reagent. Subsequently, they were examined using a scanning electron microscope (SEM) 
equipped with the detectors for energy-dispersive X-ray spectroscopy (EDS) and electron backscatter 
diffraction (EBSD). The EBSD mapping was conducted with a maximum step size of 0.5 μm. Various 
microstructural parameters, such as the volume fractions of TiB (VTiB%), the width of the α-phase 
lamellae (λ), and the colony size (μD, equivalent circle diameter) were obtained by analyzing the SEM 
images that were obtained under the backscatter electron (BSE) mode, covering an area of ∼0.88 mm2, 
and the EBSD maps generated over an area of ∼2.8 mm2. A colony in an α/β titanium alloy refers to a 
microstructural region where the α phase and β phase are oriented in a specific, repeating pattern, 
embedded within the prior β phase. The α lamellae within a colony share a common crystallographic 
orientation, which differentiates them from adjacent colonies that have different orientations 
[40,55,56]. The EBSD analyses also facilitate the retrieval of information on the prior β grain size (dβ) 
through parent grain reconstruction procedure that was based on the orientation relationship of 
(110)β-Ti//(0002)α-Ti [57]. 
Uniaxial tensile testing on specimens with the dimensions of 6 mm (gauge length), 2 mm (width), and 
1 mm (thickness) was performed with a universal testing machine (UTM) equipped with a laser 
extensometer [[58], [59], [60]]. The tests were conducted at a nominal strain rate of 10−3 s−1 following 
the ASTM-E8 standard [61]. Five tests were conducted for each case of A0 – A4. 
The fracture toughness and fatigue crack growth (FCG) tests were conducted on a servo-hydraulic 
universal testing machine (MTS 810), as per the ASTM E399-20a [62] and E647-15 [63] standards, 
respectively. At least two chevron-notched compact tension (C(T)) specimens of 12 mm thickness (B) 
and 24 mm width (W) were tested for each TMC [64,65]. Prior to the fracture toughness tests, the C(T) 
specimens were mirror polished on both the sides and fatigue pre-cracked until the a/W ratio is within 
0.45–0.55 (a is the crack length). A 10 Hz sinusoidal wave load with a load ratio of 0.1 was applied for 
FCG; the crack length was tracked with a long-distance high-resolution optical microscope capable 
of 60X magnification. Pre-cracked specimens were quasi-statically pulled at a constant crosshead 
speed of 0.002 mm/s to obtain fracture toughness values based on the ASTM E399-20a standard [62]. 
If the ligament size (W - a) is large than 2.5(KQ/σy)2, the mode І fracture toughness, K ІC, was obtained; 
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otherwise, the conditional fracture toughness, KQ, was obtained. Post-mortem analyses were 
conducted on the polished side surfaces of the C(T) specimens using SEM and EBSD, where the 
specimens were sliced from the middle of the thickness to understand the crack behavior in the plane 
strain condition, where necessary. 
The values of threshold stress intensity factor range (ΔKo) were identified based on the load shedding 
method that was prescribed in the ASTM 647-15 standard [63]. The stress intensity factor range (ΔK) 
was decreased by ∼2 % after every ∼200 μm of crack growth, upon which the ΔK is defined 
as ΔKo when the crack growth rate (da/dN) reaches below ∼2 × 10−10 m/cycle. The Paris's 
law, da/dN = C (ΔK)m was then fitted against the values of da/dN vs. ΔK for each specimen in the 
steady-state crack growth regime to estimate the Paris constant, C and Paris exponent, m. The side 
and fracture surfaces of the C(T) specimens were characterized with SEM and EBSD to understand 
the interaction of the cracks with the microstructural features. 
3. Results 
3.1. Microstructures 
Results of the XRD experiments, performed on A1–A4 samples to reveal the phase compositions of 
TiB/TA15 composites, are shown in Fig. 1. The diffraction peaks in A1–A4 indicate the presence of α-Ti 
(hexagonal close-packed), β-Ti (body-centered cubic), and TiB (orthorhombic) phases, indicating the 
near complete dissociation and reaction of AlB2 powder with Ti, consistent with previous 
investigations on the TiB/Ti composites [35,66]. 

 

1. Download: Download high-res image (229KB) 
2. Download: Download full-size image 

Fig. 1. XRD analysis of A1–A4 samples. 
To investigate the evolution of microstructure with increasing TiB content, backscatter electron (BSE) 
images of A0–A4 samples were obtained, as shown in Fig. 2. When TiB is absent, the A0 sample 
exhibits the α + β lamellae colony microstructure, with clearly distinguishable large prior beta grains 
(∼782.2 μm), along with grain boundary α (αGB) that forms along the prior β grain boundaries. The large 
prior beta grain size, in comparison to the powder size (∼100 μm), can be attributed to significant grain 
growth during sintering and has been observed in previous literatures [67,68]. This microstructure is 
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typical of α+β Ti alloys, commonly observed in slow-cooled castings and PM products [69]. With the 
presence of TiB in A1–A4, αGB could not be found, and the morphology of α-Ti changes to oval-shaped 
or globularized, as shown in Fig. 2b–d. The TiB particles in A1 – A4 are distributed in a ‘necklace’ 
fashion highlighted in Fig. S2, which has been widely reported in TiB/TMCs fabricated using the PM 
and casting approaches [32,[70], [71], [72]]. This phenomenon arises from the tendency of TiB to form 
at the prior powder surface and retain their positions even after sintering and densification. It is 
important to note that, the prior β grain boundary can grow beyond the surface of the powder particle 
upon sintering, leading to some TiB particles not being in contact with the colony boundaries. This is 
supported by previous work on TiB/Ti, where the grain can grow beyond the typical necklace structure, 
even when the TiB content is 6 vol% [66]. 
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Fig. 2. Representative microstructure for (a) A0, (b) A1, (c) A2, and (d) A4 samples. The bright, grey, and 
dark phases are β-Ti, α-Ti, and TiB phases, respectively. 
In our prior work on the TiB/Ti composites, we have shown that the location of TiB within the Ti matrix, 
whether in contact with the grain boundary or within the grain, greatly affects the mechanical 
properties [35]. When situated at the grain boundaries (GBs), it tends to promote easy cracking, 
whereas when located within the grain, it promotes strain hardening, thereby enhancing ductility. The 
α+β Ti (e.g., TA15), as opposed to α titanium (e.g., CP-Ti), has a considerably more complex 
microstructure [43], wherein additional boundaries such as α/β-ligament phase, colony, and prior β 
boundaries need to be considered, as illustrated in Fig. 2, to understand the mechanical response. In 
view of this, EBSD analysis was conducted over an area of approximately ∼2.8 mm2 on the samples 
to assist in quantifying the location of TiB, with representative EBSD results shown in Fig. 3. The phase 
maps with the reconstructed prior β boundaries are given in Fig. S3, with the reconstruction operation 
based upon the Burgers' relationship of {110}β-Ti//(0002)α-Ti, [1 1‾ 1]//[112‾ 0] [57]. For a simple and yet 
meaningful approach to categorize the location of TiB in such a complex microstructure, the following 
two important points must be noted. 1) Based on our previous work, a beneficial trait of TiB in 
improving strain hardening is observed when slip traces of similar direction surround the TiB particle 
[35]. 2) For the α+β titanium, it is well known that slip can be fairly easily transferred across the α/β-
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ligament phase boundaries within an α/β colony [73], where μD in an alloy with fully lamellar 
microstructure dictates the effective slip length [41]. With this basis, TiB particles that are within the 
colonies (including those on the α/β-ligament phase boundaries) are categorized as one type, referred 
to as ‘Inner Colony TiB’ (IC-TiB) hereafter. Note that the colony can be identified with the aid of EBSD 
as a region of the α phase having the same orientation (the β ligaments between the α phases are also 
part of the colony), hence the same inverse pole figure (IPF) color. Those in contact with the colony 
boundary (which also include the prior β grain boundaries) are referred to as ‘Colony Boundary TiB’ 
(CB-TiB). The volume fractions (V%) of IC- and CB-TiB (TiB%) are carefully measured and tabulated 
in Table 2. While a sizable amount of TiB is situated within the colony boundaries (∼40 %) for A1–A4, 
the use of AlB2 precursor did not lead to a majority of TiB being within the grain boundary, unlike our 
previous study on TiB/Ti (>70 %) [35]. It is also important to note that the percentage value here may 
be underestimated, as the analysis was performed on 2D cross-sections, with the possibility of TiB 
being in contact with the colony boundary but not visible on the analyzed slice. Nevertheless, the data 
is representative of the trend in IC-TiB and CB-TiB vol% as TiB content varies. To support this, 
additional statistical analysis was performed by counting the number of points where TiB is in contact 
with the CB-TiB boundaries, normalized by the investigated area, to directly quantify the density of 
such potential weak points without the influence of TiB size. The results are shown in Table S1. It was 
found that this metric correlates well with the value of CB-TiB vol%, as shown in Fig. S4. 
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Fig. 3. Representative EBSD analysis of (a, b) A0, (c, d) A1, (e, f) A2, and (g, h) A4: (a, c, e, g) Grain 
orientation maps with IPF coloring, (b, d, f, h) Phase maps showing IC-TiB and CB-TiB, colored in red 
and green, respectively. (For interpretation of the references to color in this figure legend, the reader 
is referred to the Web version of this article.) 
Table 2. Summary of the microstructural parameters for A0–A4 samples. 

Empty 
Cell 

VTiB, 

total% 
μD (μm) dβ (μm) λ (μm) TiBCB% TiBIC% VCB-TiB% V IC-TiB% 

A0 0 335.5 ± 69.1 782.2 ± 161.3 3.5 ± 0.2 – – – – 

A1 1 49.8 ± 17.6 93.5 ± 36.3 12.3 ± 0.5 59.8 ± 9.1 40.2 ± 9.1 0.59 ± 0.09 0.41 ± 0.09 
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Empty 
Cell 

VTiB, 

total% 
μD (μm) dβ (μm) λ (μm) TiBCB% TiBIC% VCB-TiB% V IC-TiB% 

A2 2 44.5 ± 16.4 84.3 ± 22.9 11.3 ± 0.5 59.4 ± 9.2 40.6 ± 15.5 1.24 ± 0.42 0.76 ± 0.42 

A4 4 33.2 ± 11.3 76.4 ± 20.2 14.5 ± 0.5 64.9 ± 3.9 35.1 ± 3.9 2.60 ± 0.37 1.40 ± 0.37 

Using the EBSD analysis with Aztec Crystal software, the width of α-phase lamellae (λ), colony size 
(μD) and prior β grain size (dβ) were obtained and listed in Table 2. With the presence of TiB, 
both μD and dβ decrease, while λ increases markedly. The significant reductions in both μD (from 
∼355.5 μm in A0 to ∼49.8 μm in A4) and dβ (from ∼782.2 μm in A0 to ∼93.5 μm in A4) are attributed to 
the ability of TiB to pin prior β grains and heterogeneously nucleate α-Ti [[74], [75], [76]]. The grain 
refinement (i.e., reduction in μD and dβ) with further addition of TiB is not significant, due to the 
saturation of the growth restriction factor [32,76]. The reason behind the increase in λ with the TiB 
addition (from ∼3.5 μm in A0 to ∼12.3 μm in A1), however, is not understood yet, despite it being 
consistently observed in many prior studies on as-cast TiB/Ti64 composites [1]. 
The precipitation of the α2-Ti3Al phase, an intermetallic with the D019 crystal structure, which typically 
strengthens the alloy while simultaneously embrittling it, is widely reported in the near-α Ti alloys 
when the solubility limit of Al (7 wt%) is exceeded [15,77,78]. Given the high level of Al in the matrix 
(6 wt%), the possibility of α2 precipitation in the present TiB/TA15 samples due to the usage of 
AlB2 precursor needs to be examined. Hence, EDS measurements were performed on all samples to 
reveal the composition variation caused by the increasing AlB2 addition, as shown in Table 3. It was 
found that the Al concentration of α phase in A4 indeed exceeded the 7 wt% threshold for α2 phase 
formation. Its existence in A4 and absence in other specimens are further confirmed by TEM analysis, 
shown in Fig. 4, where the SAED patterns of TiB and the α phase in A4 are accompanied by that of 
α2 (High resolution TEM analysis for the α2 phase in A4 is given in Fig. S5). The absence of α2 in A0 and 
A1 is also shown in Fig. 4. 
Table 3. Chemical compositions of α- and β-Ti phases in A0–A4 samples measured by EDS. 

Phases Samples Chemical compositions (wt%) 

Al Zr Mo V Ti 

α-Ti A0 6.08 ± 0.15 1.83 ± 0.13 – 1.20 ± 0.16 Bal. 

A1 6.78 ± 0.05 1.65 ± 0.06 – 1.13 ± 0.10 Bal. 

A2 6.85 ± 0.17 1.75 ± 0.13 – 1.15 ± 0.13 Bal. 

A4 7.25 ± 0.13 1.73 ± 0.05 – 1.08 ± 0.10 Bal. 

β-Ti A0 3.25 ± 0.21 2.53 ± 0.10 6.35 ± 0.26 6.40 ± 0.36 Bal. 

A1 3.43 ± 0.10 2.78 ± 0.15 7.45 ± 0.61 7.48 ± 0.40 Bal. 

A2 3.60 ± 0.12 2.83 ± 0.21 7.45 ± 0.51 8.05 ± 0.19 Bal. 

A4 4.28 ± 0.22 2.78 ± 0.15 7.53 ± 0.79 7.45 ± 0.24 Bal. 
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Fig. 4. Representative TEM analyses of (a, b) A0, (c, d) A1, and (e, f) A4 samples: (a, c, e) Bright-field 
TEM images of A0, A1, and A4 samples, respectively, and (b, d, f) SAED patterns from areas around the 
α-Ti phase in A0, A1, and A4, aimed at investigating the presence of the α2 phase. 
3.2. Uniaxial tensile properties 
Fig. 5a presents the representative engineering stress-strain responses obtained from the A1–A4 
samples, and Fig. S6 displays all the engineering stress-strain responses obtained. The values of the 
yield strength (σy), ultimate tensile strength (σu), uniform elongation (eu), elongation to failure (e f), and 
strain hardening capacity (σu – σy) are summarized in Table 4. Values of eu were obtained using the 
Considère's criterion for the onset of necking, as illustrated in Fig. 5b. 
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Fig. 5. Representative uniaxial tensile behaviors: (a) representative engineering stress-strain curves of 
A0–A4; (b) The representative true stress-strain curves vs. corresponding SHR curves of A0 and A1. 
Table 4. Summary of the uniaxial tensile properties. 

Empty Cell σy(MPa) σu (MPa) eu (%) ef (%) σu – σy (MPa) 

A0 810 ± 20 850 ± 15 3.8 ± 0.8 8.2 ± 2.0 39 ± 7 

A1 967 ± 9 1047 ± 7 6.9 ± 1.0 9.7 ± 2.0 81 ± 10 

A2 995 ± 13 1071 ± 7 3.5 ± 0.8 3.9 ± 0.9 76 ± 11 

A4 – 1033 ± 27 – 1.0 ± 0.2 – 

The σy, σu, and e f  of the as-sintered TA15 alloy (A0) in this work are measured as 810 and 850 MPa, 
and 8.2 %, respectively. Upon the addition of 1 vol% TiB, simultaneous enhancements in strength and 
ductility were observed, with σy ∼967 MPa, σu ∼1047 MPa, and e f ∼9.7 %, which are 19.4 %, 23.2 %, 
and 18.3 % improvements, respectively, compared to A0. An 81.6 % improvement in uniform 
elongation (eu), from ∼3.8 % to 6.9 %, was also noted; this can be attributed to the additional strain 
hardening capacity ((σu – σy) ∼39 MPa for A0 and ∼81 MPa for A1). Note that the σy and e f of the as-
sintered TiB/TA15 composites, reported in the literature, are within the ranges of 941–1144 MPa and 
1.7–7.3 % [51,[79], [80], [81]], respectively, as shown in Table S2. However, with further addition of TiB, 
only a ∼28 MPa improvement of σy from A1 to A2 is observed at the expense of the e f dropping 
significantly from 9.7 % to 3.9 %; the A4 sample containing 4 vol% TiB exhibits a brittle behavior with 
little or no plasticity beyond yield, with a ef  of 1.0 % and σu of 1033 MPa. 
Fractographic images shown in Fig. 6 reveal marked differences in the fracture features of the samples 
with and without TiB. The fracture surface of A0 exhibits large cleavage facets, while A1–A4 display 
finer fracture features. These differences are consistent with the microstructural features’ size or the 
colony size (μD). Despite the improvement of ductility from A0 to A1, dimples are sparsely observed in 
the A1 sample, indicating the lack of micronecking prior to fracture. Hence, it can be surmised that 
plasticity in this composite is uniform elongation dominated. This is further exemplified by the 
observation that the ductile A1 exhibits fracture features akin to those of the brittle A2 and A4. 
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Fig. 6. Representative fracture morphologies of tensile-tested specimens for A0, A1, and A4: (a, c, e) 
show the overall fracture surfaces, while (b, d, f) provide magnified views of features from (a, c, e), 
respectively, highlighting detailed fracture characteristics. 
3.3. Fracture toughness 
Mode Ⅰ fracture toughness, KⅠC, was experimentally evaluated using the C(T) specimens based on 
the ASTM E399 standard [62], and the results are tabulated in Table 5. All the samples satisfy the plane 
strain conditions stipulated in the ASTM standard E399 [62], with the exception of the TA15 alloy (A0 
in this study), with the two measured fracture toughness values of 90.0 and 100.6 MPa√m. 
Consequently, those are designated as KQ. Nevertheless, they can be deemed as being close to K IC, 
as the largest estimated plane strain plastic zone size in A0 (∼1.5 mm) is only about one-eighth 
of B and exhibits near elastic-perfectly plastic deformation characteristics (similar justifications 
made in previous studies on TiB/Ti TMC [35], Ti-6Al-4V [64,82], and Ti34Nb [52]). Furthermore, 
the KQ values of TA15 or A0 obtained in this study are well within the previously reported K IC values, 
which range between 74 and 140 MPa√m [49]. This gives us further confidence in the cross 
comparison of the fracture toughness values of A0 and A1–A4. With 1 vol % TiB content, the observed 
drastic 64.3 % drop in fracture toughness value from 95.3 MPa√m (A0's average toughness) to 
34.0 MPa√m (A1) is rather intriguing, considering the simultaneous improvements in strength and 
ductility (relative to A0). Although the fracture toughness dropped considerably (compared to the 
matrix alloy), it is comparable to that reported Ti64 with a similar dβ [1,83]. Further TiB addition leads 
to K IC reduction from A2 (28.0 MPa√m) to A4 (20.5 MPa√m), consistent with the embrittlement 
behavior seen during the uniaxial tensile tests. The drastic deterioration of fracture toughness 
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observed from A0 to A1 will be further discussed in a later section. 
Table 5. Summary of fracture toughness and FCG properties. The data in parentheses indicate the 
values obtained from the individual experiments. 

Empty Cell K IC (MPa m) ΔKo (MPa m) m ΔKT associated with μD (MPa m) 

A0 95.3a (90.0a, 100.6a) 9.4 (9.4, 9.3) 4.4 (4.7, 4.0) 91.1 

A1 34.0 (32.7, 35.3) 5.3 (5.1, 5.5) 5.0 (4.8, 5.1) 41.9 

A2 28.0 (27.4, 28.5) 5.6 (5.8, 5.4) 5.4 (5.3, 5.4) 40.8 

A4 20.5 (20.2, 20.7) 5.5 (5.5, 5.4) 5.5 (5.4, 5.5) 36.5 

a 
Plane strain conditions are not satisfied as per ASTM E399-20a, hence are designated as KQ. 
Fig. 7 shows the SEM fractographs obtained from the “overload regions” of the fracture surfaces in the 
fractured A0–A4 specimens. Similar to those observed in the uniaxial tensile test, the fractographs 
displayed in Fig. 7a and b show large cleavage facets in A0 compared to A1–A4 (Fig. 7b–d). Moreover, 
the large cleavage facets result in a rough fracture surface, suggesting their correlation to the 
increased resistance to crack propagation, via enhanced crack tortuosity, in A0. An examination of the 
side surfaces of the C(T) specimens in the overload crack propagation region (Fig. 8) reveals that with 
the continuous TiB necklace structure, which becomes more apparent with the increasing TiB content, 
provides an easy path for unstable crack propagation [35]. In addition, crack propagation along the 
grain boundary α (αGB) can be observed in the overload fractured region of A0, as shown in Fig. 8a. 
Despite the observed poorer fracture toughness performance at room temperature, the inclusion of 
1 vol% TiB proves beneficial in enhancing both the strength and ductility of TA15, warranting future 
investigation into its performance at elevated temperatures, which we plan on undertaking in future. 
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Fig. 7. Fractographs obtained on the overload fractured regions of the (a, b) A0, (c, d) A1, and (e, f) A4 
specimens. The representative OM fractographs are shown in (a, c, e), while the respective zoom-in 
SE images of the overload region are displayed in (d–f). 
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Fig. 8. Representative side view of the overload fracture regions for A0, A1, and A4 specimens, as 
captured under BSE imaging mode. 
3.4. Fatigue crack growth 
The effect of TiB content on the fatigue crack growth (FCG) behavior of A0–A4 samples was 
investigated, and the representative FCG curves are shown in Fig. 9. From this data, the empirical 
Paris equation, da/dN = C(ΔK)m that relates the crack growth rate (da/dN) to ΔK, was utilized, 
where C and m are material constants that are often referred to as Paris constant and Paris exponent, 
respectively. Values of the threshold stress intensity factor range, ΔK0, and m, for the A0–A4 samples 
obtained from the FCG curves are listed in Table 5. The FCG behavior in the TMCs with and without TiB 
present a stark contrast, with A0 exhibiting a significantly slower FCG rate than all the other (A1–A4) 
samples. Incidentally, A1–A4 show nearly-identical FCG responses at the threshold and steady-state 
FCG regions. The only difference is that A4 shows accelerated fast crack growth as the maximum 
stress intensity of the fatigue cycle approaches its fracture toughness. 
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Fig. 9. Representative FCG behaviors for A0–A4 samples. Upon reaching da/dN value 
∼2 × 10−10 m/cycles, the corresponding ΔK0 can be determined. 
The average ΔK0 measured in A0 is 9.4 MPa√m. The addition of 1 vol% TiB led to a 43.6 % reduction in 
ΔK0 to 5.3 MPa√m. A further increase in the TiB content to 2 and 4 vol% had only a marginal effect on 
ΔK0, with average ΔK0 values of 5.6 and 5.5 MPa√m, respectively. The addition of TiB also led to an 
deleterious effect on the Paris exponent as well, with the m values increasing from 4.4 to 5.5 from A0 
to A4, signifying an acceleration in the crack growth rate in the ‘steady state regime’ as the crack grows 
longer. 
The FCG surfaces of all samples were also investigated and presented in Fig. 10. Similar to the 
fractographs of monotonically loaded and fractured samples, the FCG surface of A0 is highly tortuous 
compared to samples with TiB. Fractography, performed under the BSE imaging mode, reveals that 
the fatigue fractured facet is closely related to the colonies. Fatigue striations are also absent in all 
the samples, suggesting that the damage accumulation model of FCG (which predicts m = 4), as 
opposed to the geometrical model (that results in m = 2) [[84], [85], [86]], is better suited to describe 
fatigue crack propagation in TA15. Additional factors have to be considered when m deviates further 
from 4 with the TiB addition. 
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Fig. 10. Representative fractographs of the fatigue cracked region for (a, b) A0, (c, d) A1, and (e, f) A4. 
(a, c, e) provide overviews, while (b, d, f) show zoomed-in views under BSE imaging mode, focused 
near the fatigue threshold region. These detailed images emphasize the relationship between fracture 
features and colony size. The ΔK0 and average colony size (μD) are annotated on the corresponding 
images. 
4. Discussion 
4.1. The critical role of TiB's location within the microstructure 
In our previous research on TiB/Ti (which possesses a single α-Ti phase matrix) [35], we demonstrated 
that locating TiB within the α-Ti grain, rather than at the α-Ti grain boundary, is advantageous for 
enhancing strain hardening. This occurs through the promotion of the duplex and wavy slip by TiB. 
Conversely, TiB present at the grain boundaries, influenced by different slip planes in neighboring 
grains, has the potential to induce bending moments rather than pure shear (as observed for TiB within 
a grain), thereby increasing its fracture susceptibility, which, in turn, lowers the overall ductility of the 
alloy. 
With the above understanding, we investigated the effect of TiB's location at different regions of the 
dual phase (α+β) TA15 alloy, specifically in the A1 sample. However, the complexity of this 
investigation is compounded by the need to consider the impact of α/β phase boundaries. To address 
this, interrupted tensile tests were conducted at various strain levels (2 %, 5 %, and just before 
fracture) to observe the formation of slip and the roles of IC-TiB and CB-TiB, as illustrated in Fig. 11. A 
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micrograph of A1 at 5 % strain showing the slip lines and the corresponding EBSD analysis is also 
provided in Fig. S7, to highlight the role of colony boundaries in constricting slip transfer. 
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Fig. 11. SEM analysis of the A1 sample's surface (free surface) during an interrupted tensile test at 
various strains: (a, c, e) depict the surface at 2 %, 5 %, and just before fracture, respectively. Images 
(b, d, f) offer higher magnification views of (a, c, e), respectively, highlighting the interactions of slip 
traces with TiB and the state of TiB (whether broken or unbroken). 
Up to a strain of 5 % (before the sample necks), planar slip dominates, as seen in Fig. 11(a–d), with 
slip traces consistently observed to remain within a single colony and, then, while penetrating through 
the α/β phase boundary. These observations are consistent with those reported in literature on the 
α+β Ti alloys [41,43,46]. However, unlike the TiB/Ti composites [35], IC-TiB did not facilitate the 
formation of duplex and wavy slip in the TiB/TA15 composites. This observation suggests that IC-TiB's 
contribution to strain hardening may not be as significant as that reported in single phase Ti (i.e., CP-
Ti). Instead, the benefits of TiB addition primarily arise from strength enhancement through load 
sharing and grain refinement in the α/β matrix [66,70]. Refinement of colony size is known to 
simultaneously enhance strength and ductility in the α+β titanium alloys [1,22]. A comparison of data 
available in literature for the hot-pressed TA15 shows that a higher σy ∼900 MPa and e f  ∼20 % were 
obtained with a prior β grain size of ∼100 μm [8], as opposed to the results in our study with a grain 
size of ∼700 μm (σy ∼810 MPa and e f  ∼8.2 %). This is attributed to the alloy's intrinsic propensity for 
planar slip and the increased presence of grain boundaries facilitating strain delocalization and 
distribution. Upon straining prior to fracture, as observed in Fig. 11(e and f), CB-TiB exhibited a higher 
propensity for fracture compared to IC-TiB, which tended to remain intact. Given the similar fraction 
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of IC-TiB (∼40 %) relative to CB-TiB in all the TMCs of this study, an increase in the overall TiB content 
meant a greater absolute number of TiB particles with a higher tendency to fracture, which 
deteriorates the tensile ductility. 
In summary, while the microstructure can become quite complicated when the α/β phase boundary 
is involved, our hypothesis is that the problem of determining the better location of TiB can be resolved 
by simply considering deformation slip. Since slip traces penetrate even the α/β phase boundary, 
when they are within a colony, the location of TiB, regardless of whether it is on the α/β boundary or 
not, appears to be not an issue. This simplifies the problem by only requiring identification of whether 
TiB is on the colony boundary or not. This means that increasing the IC-TiB fraction is crucial for 
delaying fracture and improving the ductility of the TiB/TA15 TMC, similar to what was previously learnt 
on the TiB/Ti system [35]. It is good to note that as the TiB particles are randomly oriented in this study, 
the effect of loading direction with respect to TiB's orientation is not explored. A future study focusing 
on manufacturing composites with highly aligned TiB particles would be beneficial to systematically 
examine the effect of loading direction and the tendency to break. To develop a comprehensive 
understanding of the interactions between different TiB types and dislocations, work involving 
focused ion beam lift-outs of interrupted tensile-tested specimens for transmission electron 
microscopy analysis can be performed in future. This approach is essential to isolate the effect of 
grain orientation, allowing for the selection of different TiB types (CB- vs. IC-TiB) located in similar grain 
orientations and neighboring orientations for observation at different strain levels. Additionally, this 
method will enable the selection of TiBs with similar alignment to isolate their potential effect on 
dislocation interaction. By conducting such an investigation, damage nucleation from a dislocation 
interaction perspective can be probed in detail. 
It is also important to note that there is currently no clear understanding of the nucleation and growth 
of TiB particles from the AlB₂ precursor, and significant uncertainty exists regarding the precise 
location of TiB based solely on 2D analysis. As a result, the claim regarding IC- vs. GB-TiB in this study, 
especially when the particle size is similar to that of individual grains, remains a sound hypothesis 
rather than an established fact. The IC- vs. GB-TiB classification and their associated findings warrants 
further investigation to determine the accuracy of this classification and its exact impact on 
mechanical properties. 
4.2. Fracture toughness 
Despite the well-established strength-toughness trade-off [87], many researchers working in this area 
still attempt to correlate ductility improvement with a potential fracture toughness enhancement [88], 
especially since uniaxial tensile tests are easier to perform and straightforward to interpret. With this 
in mind, we collected data from previous literature on TiB/TMCs [1,35,[89], [90], [91], [92]] which 
included both tensile and fracture toughness data. We then plotted the experimental K IC values 
against the area under the tensile stress-strain responses, which can be considered as the work of 
fracture (Wf), in Fig. 12. A lack of correlation between these properties is obvious. 

https://www.sciencedirect.com/science/article/pii/S0921509324012826?via%3Dihub#bib35
https://www.sciencedirect.com/science/article/pii/S0921509324012826?via%3Dihub#bib87
https://www.sciencedirect.com/science/article/pii/S0921509324012826?via%3Dihub#bib88
https://www.sciencedirect.com/science/article/pii/S0921509324012826?via%3Dihub#bib1
https://www.sciencedirect.com/science/article/pii/S0921509324012826?via%3Dihub#bib35
https://www.sciencedirect.com/science/article/pii/S0921509324012826?via%3Dihub#bib89
https://www.sciencedirect.com/science/article/pii/S0921509324012826?via%3Dihub#bib90
https://www.sciencedirect.com/science/article/pii/S0921509324012826?via%3Dihub#bib91
https://www.sciencedirect.com/science/article/pii/S0921509324012826?via%3Dihub#bib92
https://www.sciencedirect.com/science/article/pii/S0921509324012826?via%3Dihub#fig12


 

1. Download: Download high-res image (293KB) 
2. Download: Download full-size image 

Fig. 12. Fracture toughness versus work of fracture data reported in literature for TiB reinforced TMCs, 
illustrating the lack of correlation between these parameters [1,35,[89], [90], [91], [92]]. 
Upon the addition of 1 vol% TiB to the alloy, a marked reduction in K IC was observed, despite 
simultaneous improvements in both σy and eu. This is in complete contrast with the observations of 
our previous study on TiB/Ti [35], which demonstrated simultaneous enhancements in strength, 
ductility, and fracture initiation toughness for a similar increase in the TiB volume fraction. 
Observations made on the side surface, immediately ahead of the crack tip, reveal that the A0 sample 
exhibits substantial (∼200 μm) crack deflection along the grain boundary α phase (Fig. 13c), a 
phenomenon that was also noted in literature [1,49]. Crack deflection to such an extent was not 
observed in the A1 sample, see Fig. 13d. These features are in complete contrast to those made on 
TiB/Ti in our prior work, as illustrated in Fig. 13. While Ti with 1 vol% TiB exhibits crack tortuosity similar 
to that of TA15 with 1 vol % TiB in this study, CP-Ti (without any TiB addition) shows a straight crack, as 
seen in Fig. 13a [35]. Crack deflection serves as an extrinsic toughening mechanism by diverting 
cracks from mode I propagation, thus significantly reducing the driving force for crack propagation for 
the same far-field stress intensity factor [53,[93], [94], [95]]. The reduced extent of crack deflection 
justifies the drop in the fracture toughness of TA15 due to the suppression of extrinsic toughening 
upon 1 vol% TiB addition. 
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Fig. 13. Representative side views (plane-stress) of the cracked C(T) samples' surfaces: (a) CP-Ti [35] 
and (b) 1 vol% TiB reinforced CP-Ti [35], followed by (c) A0 (the insert image shows crack propagates 
along the αGB) and (d) A1 samples. 
The Ritchie–Knott–Rice (RKR) model can also be applied to correlate the microstructural effect on the 
fracture toughness in TiB/TA15. This model postulates a criterion for cleavage initiation ahead of sharp 
cracks, stating that the local tensile stress must surpass a critical fracture stress (σf) over a 
microstructurally significant length scale (l∗) for fracture to initiate [96,97]. This model has been used 
to predict how cleavage fracture toughness changes with temperature in mild steel and has found 
application across various types of steels, titanium alloys, and boron-modified titanium alloys 
[1,22,96,97]. By employing the RKR criterion (and assuming that the alloys under consideration do not 
strain harden, which is reasonable given that most Ti alloys exhibit (nearly) elastic-perfectly plastic 
response), the following relation between fracture toughness and characteristic length scale can be 
arrived at [1]:(1)KIC∼l∗σy. 
The variations in K IC with √(l∗σy) are plotted, by taking the lath width (λ), colony size (μD), and prior 
beta-grain size (dβ) as l∗ in Fig. 14a, b, and c, respectively. As μD dictates the average slip length, one 
can see that its usage led to a highly proportional relationship (with high goodness of fit, R2 ∼0.96) 
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between the two axis, as shown in Fig. 14b. In contrast, the usage of lath size led to a deviation from 
the RKR model, as shown in Fig. 14a. Since most prior literature on TMCs provided only dβ and not μD, 
we also attempted the same plot using dβ, as shown in Fig. 14c. We found generally good linear 
correlation for an aggregate of all data (including the data from literature, showing R2 ∼0.94), though 
not as good of a fit as using μD obtained for TiB/TA15 in this study. While one can argue that dβ is not 
equal to the characteristic slip length (hence should not be used to verify the RKR model), the addition 
of boron into α+β Ti alloys tends to refine both α colony and prior-β grain sizes, leading to a certain 
correlation between the two. Hence, the usage of dβ also appears to comply with the RKR model. 
However, it is important to note that in a monolithic α+β titanium alloy, such correlation 
of μD and dβ does not always hold true. For instance, a study has shown that dβ can be kept constant 
while μD can be changed by modifying the cooling rate [55]. 
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Fig. 14. Variation of fracture toughness, K IC, with (l∗ · σy)0.5 of A0–A4, where l∗ represents (a) λ, (b) μD, 
and (c) dβ. For (c), data from previous literature on TiB-reinforced α+β Ti alloys were also included 
[1,91]. 
4.3. Fatigue crack growth 
The observations of FCG surface features in Fig. 10 points toward the correlation of crack deflection 
with the superior FCG response of A0 and, conversely, the deterioration in the presence of TiB, 
accompanied by a reduction in the extent of crack tortuosity. Side surface observations on the A0, A1, 
and A4 specimens that were subjected to FCG experiments (when the applied ΔK is approximately 
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20 MPa√m), shown in Fig. 15, further highlight the extent of crack deflection in A0 and the absence of 
such deflections in A1 and A4. 
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Fig. 15. Representative side views of fatigue cracks in A0, A1, and A4 samples within the higher ΔK 
region (∼20 MPa√m), with (c) and (e) providing zoomed-in views of (b) and (d), respectively. 
To explain this, it is imperative to recognize that a transition from microstructure-insensitive to 
microstructure-sensitive FCG behavior can occur when the cyclic plastic zone size (rc) becomes 
comparable to the characteristic microstructural dimension (l∗) of the material under investigation, 
i.e., rc = 13π(ΔKT2σy)2≈l∗ [35,86,98], where l∗ represents the feature size that encompasses the 
length of slip (with little resistance and deviation) in metallic materials, such as grain size. In the case 
of β-annealed Ti-6Al-4V alloys, the Widmanstätten packet size and the colony size (i.e., μD) can be 
taken as l∗ [41,86,99]. The α/β phase boundaries within a colony offer little resistance to slip 
[41,43,46]. Hence, the slip traces can be seen traversing an entire colony (see section 4.1). Given that 
slip precedes fatigue crack growth in α/β Ti, where cracks form along slip traces [86,100,101], colony 
boundaries play a crucial role in inducing crack deflection, as previously illustrated with Fig. 10, Fig. 
15. This observation indicates that the presence of colony boundaries overshadows the role of α/β 
interfaces within a colony in crack resistance and deflection. 
Recognizing this, the transition stress intensity factor ranges, ΔKT, were calculated based on μD for all 
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samples and listed in Table 5. The range of ΔK employed in this study consistently falls below ΔKT for 
all the samples. This observation indicates a microstructure-sensitive FCG response (even in the Paris 
regime, where it is supposed to be microstructure-insensitive [86]) presented in Fig. 9 [35,86]. This 
sensitivity leads to observable crack deflection from one colony to another, as previously discussed 
and illustrated using Fig. 10. Notably, the magnitude of deflection increases with μD, resulting in 
further deviation from mode I crack propagation and a consequent reduction in the driving force for 
crack growth under the same far-field ΔK. This observation helps rationalize the overall superior 
performance of FCG exhibited by A0 relative to A1–A4, as μD in the former is substantially (nearly-
seven times) larger than those of A1 and A2. 
It is also noteworthy to briefly discuss the presence of a rapid crack growth region in A4. To illustrate 
this, Fig. 16 provides separate Paris curves for A1 and A4, facilitating an exclusive comparison 
between the two. Notably, a significant slope transition (k = 5.0 vs. k = 10) is observed on the FCG 
curve of A4 at ΔK ≈ 14 MPa√m, indicating a transition from steady-state to accelerated FCG. In Fig. 15, 
within the rapid crack growth region for A4, pronounced crack deflection and bifurcation are observed, 
in contrast to A1, which remains in the steady-state crack growth regime at a similar ΔK. A magnified 
view of the side surface shown in Fig. 15 depicts the differing condition of TiB around the crack in A1 
versus A4. In A1, none of the TiB particles in the vicinity of the crack are broken, except for those in the 
crack path. In A4, however, many broken TiB particles are found around the crack path. This also 
means that cracks can initiate from broken TiB particles ahead of the crack tip, leading to a 
microcracked region that is far ahead of the crack tip; the coalescence such microcracks can facilitate 
easier macrocracking, thereby providing pathways for crack propagation that result in rapid crack 
growth. The observed crack bifurcation is a consequence of the multiple easy paths for crack 
propagation. 
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Fig. 16. Comparison of FCG data between A1 and A4 samples. Insets show representative side-view 
BSE images in the higher ΔK region (∼20 MPa√m). 
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In this study, TiB-reinforced TA15 composites with 0–4 vol% TiB were fabricated via powder-
metallurgy-based hot press sintering utilizing an AlB2 precursor. Detailed microstructural 
investigations show that the addition of TiB results in a substantial reduction (by nearly an order of 
magnitude) in the colony and prior β grain sizes, while the average α lamellae's thickness increases; 
within the TiB added alloys, the variation in these parameters is not significant. During plastic 
deformation, planar slip that traverses entirely within the colony (without being obstructed by the α/β-
ligament phase boundaries) was observed, suggesting that TiB particles in contact with colony 
boundaries may fail earlier than those within colonies. Composites with 1 vol% TiB exhibited 
simultaneous enhancements in strength, ductility, and strain hardening, attributed to colony 
refinement (that aids in a better strain distribution) and the considerable amount of approximately 40 % 
of TiB not in contact with colony boundaries, which are less susceptible to premature cracking. It is 
important to note that the accuracy of such a classification of TiB based on contact with colony 
boundaries requires further investigation, and the associated findings in this study remain a sound 
hypothesis. However, increasing the TiB content to 2 vol% and 4 vol% resulted in pronounced 
reduction in ductility, which is further exacerbated by the precipitation of α2-Ti3Al phase. Despite 
improvements in the tensile properties, fracture toughness was observed to drop markedly with the 
1 vol% TiB addition to the base alloy. Considering the reduced crack deflection observations upon TiB 
addition, along with Ritchie–Knott–Rice model analysis, it was revealed that colony size reduction is 
the primary contributor to the observed loss of fracture toughness. It also led to a reduction in the 
threshold stress intensity factor range, ΔK0, during fatigue crack growth owing to the reduced 
tortuosity of the crack front. 
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