Long-whisker type TiB phase introduced by micron-sized precursors and its prominent strengthening effect in titanium matrix composites
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Abstract
We developed a new strategy to obtain long whisker (LW) TiB phase (aspect ratio as high as ~150) using micron-sized AlB2 in a series of TiB/Ti(Al) composites. While three types of TiB phases were present in the composites, microhardness and compression results show that LW-type TiB enhances yield strength dramatically.
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Introduction
[bookmark: OLE_LINK16]Titanium and its alloys are an important family of structural materials. To further enhance their specific stiffness and strength, especially at service temperatures of 600–800 ℃, Ti matrix composites (TMCs) are widely explored [1-3]. Among the various reinforcements considered, TiB is one of the most suitable candidates, because of its high elastic modulus and thermal stability, and similarity of its thermal expansion coefficient and Poisson’s ratio with those of pure Ti [4-6]. Several strategies are being explored for further enhancing the strength of TiB/TMCs. These include the utilization of different reinforcement geometries, tailoring of novel microstructures, and introducing more strengthening phases[7, 8]. For instance, a network-like microstructure in TiB/TMCs, where the TiB whiskers surround the matrix phase in a network-like manner, was shown to offer better mechanical performance than that where the TiB phase is uniformly distributed [9, 10]. The introduction of TiB whiskers with a high aspect ratio, l, into the Ti matrix, to enhance the load-transfer between them, has been shown to be another effective strategy to increase the strength considerably [11, 12]. This can be accomplished by reducing the initial size of the boron precursors to nanoscale. It, however, requires a lengthy and tedious ball milling procedure [7, 12]. To circumvent this problem, we examine in this study the possibility of introducing long whisker TiB reinforcements with high l into the network-like structured TMCs using micron-sized B precursor. By tailoring the type and content of the B precursor, TMCs were successfully synthesized, and the mechanical behavior and underlying strengthening mechanism are investigated. 
Experimental
In this study, aluminum diboride (AlB2, ~1–5 μm) was selected as the B precursor, as it can introduce B and Al into the alloy simultaneously, such that both the dispersoid strengthening from the TiB phase and the solid solution (SS) strengthening of the matrix by Al can be exploited. More specifically, by taking the commercially pure Ti (CP-Ti) as the matrix, the following reaction in the Ti-AlB2 system is expected to occur in-situ during sintering at elevated temperature:
.	(1)
Guided by the above equation, TiB/Ti(Al) composites with different TiB volume fractions, VTiB, were designed, and the estimated weight fractions of B and Al are listed in Table 1. To obtain network-like microstructures, the following two-step synthesis approach was utilized [13]. First, AlB2 powders and spherical Ti powders (details of the powders are provided in Fig. S1 of the supplementary material) in the designated proportions were low-energy ball milled using agate grinding balls in stainless-steel jars under a pure argon atmosphere in a planetary ball mill. The rotational speed, milling time, and ball-to-powder ratio employed were 150 rpm, 8 h, and 5:1, respectively. The mixed powders were then poured into columniform graphite molds (diameter Ф = 45 mm) and reaction-sintered by a hot-press sintering system under high vacuum conditions (10-3 Pa). For sintering, the powders were first pre-heated to 250 ℃ and held for 30 min to remove the moisture and any gas that may be present between the powders or graphite molds. The powders were then heated to 1200 ℃ and held for 60 min under 20 MPa pressure.

Table 1 Predesigned volume fractions (in vol.%) of TiB and weight fractions (in wt.%) of B and Al.
	Sample designation
	Volume fraction of TiB phase (vol.%)
	Weight fraction of B (wt.%)
	Weight fraction of Al (wt.%)
	Ti

	S0
	0
	0
	0
	Bal.

	S2
	2
	0.38
	0.47
	Bal.

	S4
	4
	0.78
	0.96
	Bal.

	S6
	6
	1.16
	1.45
	Bal.

	S8
	8
	1.67
	1.96
	Bal.

	S10
	10
	1.99
	2.48
	Bal.



[bookmark: OLE_LINK12][bookmark: OLE_LINK13]For microstructural analyses, the polished samples were etched with the Kroll's reagent (5 vol.% HF + 10 vol.% HNO3 + 85 vol.% H2O) for 10 s, and then characterized by X-ray diffraction (XRD; Bruker D8 ADVANCE) and scanning electron microscopy (SEM; ZEISS Gemini SEM 500). Microhardness of the fabricated composites was measured using a Vickers hardness tester (HXD 1000) with 50 gf load (at least 10 tests performed on each sample). Room temperature compression tests were conducted on 5 mm diameter cylinders (13 mm in height) using a universal testing machine (MTS CMT5305) at a constant crosshead speed of 0.5 mm/min. At least three samples were tested for each case.
Results and discussion
[bookmark: OLE_LINK17][bookmark: OLE_LINK2][bookmark: OLE_LINK3]Fig. 1a shows the XRD patterns of all the composite samples examined in this work. The AlB2 phase could not be detected in any of them, indicating the complete dissolution of it. Only the hexagonal close-packed (hcp) α-Ti phase was detected in the S0 sample, while diffraction peaks corresponding to both α-Ti and orthorhombic TiB phases were found in the composite samples (S2 to S10). The fact that Al is dissolved within the Ti matrix with no intermetallic formation (also see Fig. S2) agrees well with the literature [14] that Al can be completely dissolved in Ti without Ti3Al phase formation if the Al content is less than 8 wt.% (always ≤2.5 wt.% in this study).
Figs. 1b to f show the representative SEM micrographs of S2, S4, S6, S8, and S10 composites. As seen in Fig. 1b, a network-like microstructure forms in S2, with the average network size close to the diameter of CP-Ti powder (~100 μm). This indicates that the network boundaries (NBs) originate from the particle interfaces where the AlB2 particles adhere during ball milling [15]. In addition, most TiB whiskers are observed at NBs, while only a small fraction of them are located in the network interiors (NIs), which may have been caused by the low diffusion coefficient of B in Ti (e.g. 9.1110-12 m2/s in α-Ti at 1033 K) [16]. As seen from Figs. 1b and 1c, the grain boundaries (GBs) and NBs are not equivalent and do not overlap (See Fig. S3). In the S2–S8 composites (Fig. 1b–e), a quasi-continuous network of NB TiB is observed, but the average space between them decreases due to the substantial increase in the total VTiB (see the detailed statistics in Fig. S4). In S10 sample (Fig. 1f), a new type of reinforcement phase with a high l, referred to as ‘long-whisker’ (LW) type hereafter, also appears. This is in addition to the formation of a more continuous NB TiB, which is due to the further increase in VTiB.
[image: ]
Fig. 1 (a) XRD patterns of the composites. SEM micrographs of (b) S2, (c) S4, (d) S6, (e) S8, and (f) S10 samples. (NB and NI refer to TiB located at the network boundaries and interiors, respectively. LW: long whiskers.)

High-magnification images of the three types of reinforcements (NB, NI, and LW) in the S10 composite are displayed in Fig. 2. Corresponding energy-dispersive X-ray spectroscopy (EDS) point scan results obtained from the points marked in Figs. 2e–2g are listed in Table 3. The stoichiometry of these three types of reinforcements (TiB1.2, TiB0.8, and TiB1.0) indicates that all of them correspond to TiB.
[image: ]
Fig. 2 High-magnification SEM images of S10 TMC with three types of TiB: (a) a typical reinforcement network cell; (b to d) representative images of NB-, Ni-, and LW-type TiB phases, with corresponding zoom-in views in (e to g), respectively. EDS were performed on three points as marked in (e–g), with the corresponding results listed in Table 2.

Table 2 EDS point chemical microanalyses results in Fig.4
	
	
	B
	Ti
	Total
	Stoichiometry

	Point 1
	Wt.%
	21.28
	78.72
	100.00
	TiB1.2

	
	At.%
	54.49
	45.51
	100.00
	

	Point 2
	Wt.%
	14.92
	85.08
	100.00
	TiB0.8

	
	At.%
	43.73
	56.27
	100.00
	

	Point 3
	Wt.%
	18.08
	80.41
	100.00
	TiB1.0

	
	At.%
	49.09
	49.27
	100.00
	



The LW TiB in S10 TMC was further investigated using TEM. Representative bright-field images and selected area electron diffraction (SAED) pattern are shown in Figs. 3a to c. Due to the similar coefficients of thermal expansion (CTEs) of TiB and α-Ti (CTETi = 9 × 10−6 K−1 and CTETiB = 8.6 × 10−6 K−1 [17]), similar densities (ρTi = 4.57 g/cm3 and ρTiB = 4.56 g/cm3 [6]), and the low lattice mismatch between them (< 3.6% [6]), the interface between the TiB and α-Ti is sharp (as shown in Fig. 3b). The SAED patterns demonstrate a crystallographic relationship between the LW TiB and α-Ti as (001)TiB // (1-210)α-Ti, which is consistent with that reported in the literature [18]. Figs. 3d to h show the bright-field image, SAED pattern, and EDS maps, respectively, of NI TiB. The SAED and EDS results are consistent with the SEM results and confirm that all the reinforcements are indeed TiB.
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[bookmark: OLE_LINK6][bookmark: OLE_LINK7]Fig. 3 (a) Bright-field TEM image of LW-type TiB. (b) Higher magnification image of the interface between α-Ti and LWs-type TiB in area B. (c) SAED pattern of the interface for area B. (d) Bright-field TEM image of NI-type TiB and(e) the corresponding SAED pattern for area E. (f–h) EDS maps of the area shown in (d).
[bookmark: OLE_LINK8][bookmark: OLE_LINK9]
Results of the Vickers hardness tests performed only on the matrix regions (avoiding any TiB phase on the surface, despite the possibility that there might be some NI TiB underneath the indent) of different samples are displayed in Fig. 4a along with the Al content in the α-Ti matrix (measured by SEM-EDS). With an increase in the Al content (from 0 to 2.5 wt.%), the microhardness of the α-Ti matrix increases (by 145% in the composite with 2.5 wt.% Al), indicating substantial SS strengthening caused by Al.
[bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK1][bookmark: OLE_LINK18]Fig. 4b shows the representative compressive stress-strain responses. Similar to that seen with HV, the strength of composites continuously increases with the addition of AlB2. While this strength enhancement appears to be offset by a continuous reduction in the strain-to-failure, not much can be read into them as these are compression test results. Therefore, we focus only on the yield strength, σy. Variations of σy and Vickers hardness with Al wt.% are plotted in Fig. 4c. Both the hardness and σy show consistent linear relationships with Al concentration till ~2.0 wt.% (S8 sample). A further increase in the Al content to ~2.5 wt.% in the S10 sample leads to an abrupt increase in σy whereas the hardness value still falls in the linear relationship. Note that the Vickers hardness was measured for the matrix only, but the σy reflects the overall mechanical property of the composite.
[image: ]
[bookmark: OLE_LINK14]Fig. 4 (a) Microhardness and Al wt.% of the α-Ti matrix in all samples. (b) Compressive stress-strain responses of the composites. (c) Variations of the microhardness and the compressive yield strength with the Al concentration. Note that Vickers hardness was measured for only α-Ti matrix area (without TiB).

The contributions of different strengthening mechanisms to the yield strength of composites are discussed below, with a focus on the potential mechanism(s) for the abrupt strengthening in S10 sample. The following mechanisms are considered: (1) Hall–Petch strengthening () due to the grain refinement, (2) SS strengthening () by the alloying elements, and (3) dispersoid strengthening () caused by reinforcements [19-22].
[bookmark: OLE_LINK15]The average grain size decreases markedly (from ~150 to ~60 μm in S0 and S2, respectively) first, but does not change significantly thereafter (ranging between ~45 and 60 μm in S2–S10; see Fig. S5). Additionally, the slope of σy vs d-0.5 data in Ti and its alloys is rather shallow [23]. Therefore, ’s contribution to the overall strengthening observed among the composite samples can be considered relatively insignificant. SS strengthening caused by the dissolved Al in α-Ti matrix is possibly the main reason for the substantial increase in hardness and strength observed in S2 sample vis-à-vis those in the S0 sample. Since the microhardness of the α-Ti matrix varies linearly with the Al content in composite samples, the observed abrupt increase in σy of the S10 sample (vis-à-vis σy of S9) cannot be due to SS strengthening.
Dispersion strengthening from the reinforcements in MMCs usually relies on the following three sources. (a) CTE mismatch (), (b) Orowan strengthening (), and (c) load-transfer mechanism () [19, 22, 24]. Due to the similarity in the CTE values and clean interfaces between TiB and α-Ti,  would be negligible [6]. can also be neglected as Orowan strengthening applies only when the reinforcements are nano-sized and can cause the dislocations to bow/loop around them [25]. Therefore, only  from the TiB phases is likely to be predominant and is considered for the quantitative estimation the strength of the composites in the present work. For this, a modified generalized shear-lag model for estimating  caused by randomly distributed cylindrical reinforcements is considered [11, 20]. According to it,
 where 	(2)
 and 	(3)
.	(4)
In the above equations,  is the yield strength of the matrix, is the average effective aspect ratio,  is the local volume fraction of TiB,  is the nominal volume fraction of TiB, and L and R are the thickness and radius of the network, respectively. Eqn. (2) indicates that  is directly proportional to the volume fraction and the aspect ratio of the reinforcements. While the volume fraction of NB-type TiB continuously increases in S2–S10 samples, the aspect ratio is always ~7–8 (see Table S2). Therefore, it cannot rationalize the abrupt increase in sy observed in S10. Indeed, estimates of , induced by NBs in S8 and S10 samples using Eqns. (2–4), result in 234.9 and 305.9 MPa, respectively. The difference between them (91.0 MPa) is significantly lower than ~300 MPa measured experimentally. Therefore, it can be inferred that the abrupt strengthening observed in the S10 sample is caused by the LW-type TiB for the following reasons. (a) It possesses a high aspect ratio. (b) While VTiB increases gradually from S2 to S8, LW TiB appears only in S10. The average aspect ratio of it is ~150 (45 μm / 0.3 μm, see the statistics in Table S2) and the volume fraction is ~1.5 vol%. Taking  as 394.8 MPa (σy of S0 sample), and the thickness and radius of the network as 15 and 100 μm, respectively, the strengthening contribution of the LW-type TiB, estimated using Eqns. 2 to 4, is 350.2 MPa. This estimate is in reasonable agreement with the experimentally observed difference in σy of S8 and S10 samples. Therefore, it appears that the sudden enhancement in strength in S10 composite is due to the presence of the LW-type TiB phase in it. 
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]In prior studies on TMCs [7, 12], TiB phase with high l (like the LW-type observed in this study) can only be introduced into the Ti matrix by using nano-sized B precursors. For example, even adding 20 wt.% TiB2, a widely used B precursor, does not result in LW formation. TiB with an aspect ratio of ~58 was obtained only by substantially decreasing the size of TiB2 to below ~100 nm [12, 26]. However, in this study, LW-type TiB (with very high aspect ratio as high as ~150) formed—rather unexpectedly—by merely increasing the content of different B precursors (AlB2 in this work). The possible mechanism for the formation of this LW-type TiB is the following. When the in-situ reaction between pure Ti and AlB2 occurs during sintering, Al atoms diffuse from the surface of the Ti powders into the core, accompanied by the TiB formation. More AlB2 addition leads to higher chemical potential gradient, which results in a higher driving force of diffusion, and thus longer Al diffusion path. This may also accelerate the diffusion of B atoms despite the quick bonding between B and Ti atoms. In short, the formation of the LW-type TiB may be caused by the rapid and massive diffusion of Al during sintering. Further studies to understand its formation mechanism in detail are still necessary, and the focus on the type of B precursors and the B diffusivity are required based on this work. 
Summary
In summary, a series of TiB/Ti(Al) composites were designed and manufactured, so as to exploit the composite strengthening from both the network-like TiB and the SS strengthening from the Al dissolved in Ti matrix. Microstructural characterization showed that there are three types of TiB phases in the composites, viz. NB-type (along network boundaries), NI-type (formed in network inside), and LW-type (with high aspect ratio of ~150). Microhardness and compression tests results show that both the SS strengthening by Al solutes and the composite strengthening by NB (and NI) TiB result in substantial strengthening. The LW-type TiB, due to its high aspect ratio, when present causes a marked enhancement in the yield strength. Our results demonstrate a novel design methodology to introduce long-whisker type reinforcement for high strengthening efficiency without utilizing nano-sized powders.
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