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Abstract


The addition of oxygen or nitrogen in refractory high-entropy alloys (HEAs) has been widely reported, but studies on boron-doped HEAs have mainly focused on the segregation of boron elements at grain boundaries. The changes in the microstructure and mechanical properties in TiZrNb-based HEAs remain enigmatic. In this work, boron-doped Ti35Zr30V10Nb25 (Ti35-xB) refractory HEAs were designed to elucidate their microstructural evolution and mechanical properties. Unlike oxygen and nitrogen, trace amounts of boron addition result in the formation of borides, and boron exhibits a strong repulsion towards Zr, leading to Zr-depleted borides. Borides distributed along the grain boundaries refine the grain size and dendritic structure. The borides and structural refinement effect enhance the strain-hardening capacity and uniform elongation, resulting in an over 15% uniform elongation for Ti35-0.25B.
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1. Introduction


Refractory high-entropy alloys (HEAs) exhibit high strength, high hardness, and excellent thermal stability, demonstrating promising application prospects in aerospace engines [1,2]. Recently, HEAs also show great potential in nuclear applications due to their apparent radiation resistance [3]. Traditional refractory HEAs, such as NbMoTaW, exhibit excellent high-temperature strength but suffer from poor room temperature (RT) ductility and high density [4,5]. To balance the RT ductility and density, TiZrVNb, TiZrHfNb, and their derivatives with considerable tensile elongations and low density were designed [6,7]. To further enhance the mechanical properties of the HEAs, trace dopants doping strategies are utilized [8].



In TiZrNb-based HEAs, doping with trace amounts of oxygen or nitrogen can significantly enhance the mechanical properties, attributed to substantial solid solution strengthening, precipitation strengthening, and the formation of ordered interstitial complexes [9,10]. Unlike oxygen and nitrogen, which tend to dissolve in the matrix, boron is more likely to segregate at grain boundaries [11]. This process is driven by the reduction in Gibbs energy at the grain boundaries [12]. The addition of an appropriate amount of boron into NbMoTaW can solve the RT brittleness, as boron atoms replace oxygen atoms at the grain boundaries and promote stronger bonds with adjacent metal atoms [13]. Otherwise, doping with boron can increase the activation energy, leading to significant grain refinement and enhanced grain boundary cohesion without sacrificing ductility [14]. This phenomenon is known as grain boundary decoration. However, the microstructural evolution and mechanical properties in TiZrNb-based HEAs resulting from variations in boron content have rarely been reported, and understanding these changes in the microstructure would promote the design of high-strength and ductility boron-doped refractory HEAs.



In TiZrNb-based HEAs, TiZrVNb, with a low density (6.52 g/cm3), shows good compression yield strength at RT, and still maintains 500 MPa at 1273 K, exhibiting a wide temperature application range [15]. Furthermore, TiVZrNb stands out among one million four-component equimolar HEAs as a promising nuclear material with a low thermal neutron cross-section [16]. In our previous work, we demonstrated that the NbTiVZr series of HEAs exhibit excellent RT tensile properties, which were further enhanced through oxygen doping [6,10]. Thus, the Ti35Zr30V10Nb25 HEA, with a low density of 6.31 g/cm3, was selected to be doped with boron to systematically investigate the microstructure and mechanical properties in this work. Boron rarely dissolves in the matrix but instead precipitates as borides both within the grains and at the grain boundaries, having a significant refining effect on the microstructure. Then, the tensile properties and work-hardening capacity were analyzed.




2. Experimental Methods


2.1. Materials Preparation


The ingots with nominal compositions of (Ti35Zr30V10Nb25)-xB (x = 0, 0.25, 0.5, and 1 at.%, Ti35-xB in short) were melted from various pure metals (purity > 99.95%) by arc-melting in a high-purity argon atmosphere, ensuring that the melting temperature exceeds the melting points of the raw materials. Boron was introduced through titanium diboride. The ingots were re-melted at least five times to ensure compositional homogeneity, then the samples were obtained with the dimension of 12 × 12 × 70 mm3 using a water-cooled copper mold. The as-cast Ti35-xB strip-shaped samples were cut into the desired shape using electrical discharge wire cutting.




2.2. Microstructural Characterization


The phase compositions were determined by X-ray diffraction (XRD, Philips X’Pert Pro Diffractometer), with the scanning range set from 20 to 90 degrees. The grain sizes of Ti35-xB were determined by Electron Backscatter Diffraction (EBSD, Oxford Instruments, Oxford, UK). Detailed phase structures were characterized using a scanning electron microscope (SEM, SU 8000, HITACHI, Tokyo, Japan) with an accelerating voltage of 15 kV and a transmission electron microscope (TEM, FEI Talos F200X, Waltham, MA, USA) operated at 200 kV. The EBSD and SEM samples were polished down to 3000-grit SiC paper and then electrochemically polished using a solution of hydrofluoric acid + alcohol at a DC voltage of 25 V. The TEM samples were milled to a thickness of 40~60 µm and then ion milling (Gatan 691). The internal friction (IF) behavior was measured using a computer-controlled inverted torsion pendulum in forced vibration mode (MFP-1000, Hefei, China). Four different frequencies (0.5, 1, 2, and 4 Hz) were selected for each measurement run, with a heating rate of 3 K/min over a temperature range from RT to 800 °C. The maximum torsion strain amplitude was kept at 2 × 10−5 in all measurements. The size of the samples used for the IF measurements was approximately 2 × 1 × 25 mm3. The IF samples were first mechanically polishing followed by electrolytic polishing to eliminate surface stress.




2.3. Mechanical Tests


RT tensile tests were carried out using an Instron-5967 machine at a strain rate of 1 × 10−3 s−1. The dog-bone-shaped specimens with a working length of 5 mm and an effective cross-section of 1.5 × 1 mm2 were cut by electrical discharge machine for tensile experiments. The tensile samples were mechanically polished down to 3000-grit SiC paper and then electrochemically polished to obtain a smooth surface.





3. Results and Discussion


The typical XRD spectra of Ti35-xB are illustrated in Figure 1a, which indicates all the samples maintain a BCC structure without any obvious second phase. Boron, oxygen, and carbon, as interstitial atoms in HEAs, occupy octahedral or tetrahedral interstitial sites, leading to an increase in the lattice parameters [17]. However, the diffraction peaks did not show a significant shift after considering the Kα2 component, indicating that the lattice parameters remained unchanged with the boron content.



Therefore, boron is rarely in solid solution. The IF technique has been used to characterize microdefects, such as phase transitions, grain boundary structures, interactions between dislocations, and interstitial atoms [18,19,20,21]. In TiZrNb-based HEAs, oxygen and nitrogen atoms induce additional IF peaks at approximately 300–400 °C, which are attributed to interstitial-induced Snoek relaxation [9,10,22]. In Ti35-0.5B, only a high-temperature peak appears between 450 and 500 °C, corresponding to a modulus softening. The peak temperature increases with increasing frequency, showing the relaxation nature. This peak has been confirmed as a grain boundary peak [10,19]. However, no obvious low-temperature peaks were observed in Ti35-0.5B, confirming that boron has a low solubility, which is consistent with the XRD results (Figure 1b). The typical EBSD inverse pole figure (IPF) maps and corresponding grain sizes of Ti35-xB are shown in Figure 1c–f. All the samples exhibit nearly equiaxed grains with an anisotropy structure. Ti35-0.25B and Ti35 have similar grain sizes of around 200 μm, indicating that a trace amount of boron does not reduce the grain size. However, as the boron content increases, the grain sizes of Ti35-0.5B and Ti35-1B are significantly reduced to 115 μm and 79 μm, respectively; increased boron content has a significant grain refining effect. Grain refinement is typically associated with element segregation or the formation of precipitates at grain boundaries. To analyze the grain refining effect of boron, SEM characterizations were conducted on the Ti35-xB samples (Figure 2). All the samples exhibit a dendritic structure, it is noteworthy that the dendrite microstructures become significantly finer with the addition of boron (Figure 2a–d). Irregularly shaped precipitates were observed both within the grains and at the grain boundaries in the boron-doped samples. These precipitates are formed during the melting process. Moreover, the amount of precipitates increases significantly with increasing boron content, and the precipitates are mainly distributed at the grain boundaries. A large amount of precipitates is distributed along the grain boundaries in Ti35-0.5B and Ti35-1B, leading to grain refinement [23]. To further investigate the dendritic structure, the enlarged dendrite microstructure, and corresponding EDS maps are shown in Figure 2e. Severe chemical compositional fluctuations are observed, with regional segregation of Zr and Nb elements. In contrast, the distribution of Ti and Zr is uniform. The EDS maps show that Nb is enriched at the dendrites, while Zr is enriched at the interdendritic regions. This is due to the different crystallization rates of elements with different melting points caused by the rapid cooling rate during the melting process, leading to chemical inhomogeneity. This chemical inhomogeneity does not cause significant phase transformations, which is consistent with the XRD results (Figure 1a).



Considering that some precipitates may detach during SEM sample preparation, TEM was conducted to comprehensively analyze the precipitates. Figure 3 shows the precipitates in Ti35-0.5B and the corresponding EDS maps, indicating that the precipitates are rich in boron and depleted of Zr. Unlike oxygen, which has a strong affinity for Zr, boron exhibits a strong repulsion towards Zr, resulting in the formation of Zr-depleted borides [10]. During the solidification process, boron atoms tend to cluster together, forming precipitates rather than being uniformly distributed in the matrix. Thus, excess boron destabilizes the BCC phase, and increases nucleation sites. With an increased number of nucleation sites, the precipitation of borides becomes more favorable, leading to the formation of borides at the grain boundaries and within the grains. The bright-field (BF) TEM images of Ti35-0.5B are shown in Figure 4a,b. Amorphous precipitates are irregularly distributed within the grains, and continuous large-scale precipitates are extensively formed at the grain boundaries, which is consistent with the SEM results (Figure 2). To further determine the phase structure of the borides and their interface relationship with the matrix, Figure 4c shows the high-resolution TEM (HRTEM) image of the boride/matrix interface marked by the blue dashed box in Figure 4b, along with the corresponding fast Fourier transform (FFT) pattern illustrated in Figure 4d. The borides exhibit an orthorhombic TiB structure with high-density stacking faults and display a clear non-coherent relationship between the matrix and borides. In addition, borides affect the dendritic structure. In (Ti48Zr20Nb12Cu5Be15)100−xBx, the undissolved boride can refine the dendritic structure, leading to finer and more uniform microstructures [24]. In Ti35-xB, the dendrites are rich in Nb, and Zr segregates into the interdendritic regions, forming a chemically inhomogeneous structure with Zr and Nb segregation (Figure 2e). The Zr-depleted borides act as barriers, inhibiting the rapid growth of dendrites and thus, causing microstructural refinement. Therefore, the formation of borides simultaneously refines the grain size and the dendritic structure.



The mechanical properties of Ti35-xB are shown in Figure 5. Figure 5a shows the tensile properties at RT, indicating that boron doping enhances the yield strength and tensile strength but reduces the fracture elongation. The yield strengths of Ti35-xB (x = 0, 0.25, 0.5, 1) are 817 MPa, 841 MPa, 858 MPa, and 868 Mpa, respectively. In Ti35-xB HEAs, the yield strength (   σ y   ) includes solid solution strengthening (  Δ  σ  s s s    ), grain size strengthening (  Δ  σ g   ), and precipitation strengthening (  Δ  σ p   ). Given the low solubility of boron atoms, the solid solution strengthening effect from boron is negligible. Thus, the   Δ  σ y    can be expressed as:


  Δ  σ y  = Δ  σ g  + Δ  σ p  .  



(1)







The   Δ  σ g    can be determined using the conventional Hall–Petch equation, illustrating the connection between the yield strength of materials and their grain size. The   Δ  σ g    is defined as:


  Δ  σ g  = K  D  − 1 / 2   ,  



(2)




where K is a constant, and D is the average grain size. The K value is referenced to the HfNbTaTiZr alloy and set to 240 MPa μm1/2 [25]. The calculated strength increase from the Hall–Petch relationship due to grain refinement is 6 MPa for Ti35-0.5B, and 10 MPa for Ti35-1B. Therefore, from Equation (l), the   Δ  σ p    is 24 MPa, 35 MPa, and 41 MPa for Ti35-xB (x = 0.25, 0.5, and 1), respectively.



The fracture elongations of Ti35-xB (x = 0, 0.25, 0.5, 1) are 24.8%, 21.7%, 19.1%, and 9.3%, respectively. However, Ti35-0.25B has a better uniform elongation than Ti35. For the alloy design, uniform elongation is an important but challenging property to balance. For TiZrNb-based HEAs, the uniform elongation is typically below 10% due to limited work hardening capability [26,27]. As plastic deformation is typically dominated by planar slip caused by straight screw dislocations, the lack of sufficient slip systems and dislocation multiplication makes it difficult to maintain high work hardening capability [28,29]. To maintain high work hardening capability, a strategy is to form heterogeneous structures or precipitates, which pin dislocations and form dislocation accumulations [30]. However, this often leads to stress concentrations, resulting in a reduction in elongation. In particular, Ti35-0.25B has a 15.4% uniform elongation, significantly higher than TiZrNb, TiZrHfNb, and TiZrVNb [26,27,31]. Figure 5b indicates the strain–hardening curves of Ti35 and Ti35-0.25B. During deformation, Ti35 and Ti35-0.25B exhibit similar work hardening capabilities in stage 1, attributed to the severe lattice distortion and dendritic structure induced by chemical inhomogeneity in HEAs. The variations in chemical composition between dendrites and interdendritic regions lead to changes in local strength, thereby retarding dislocation movement and enhancing the work hardening capability. Despite the observed compositional fluctuations, no change in the phase structure is detected by XRD, indicating that the interfaces between dendrites and interdendritic regions are coherent and do not induce dislocation pinning. Therefore, this does not reduce the fracture elongation. As the deformation increases in stage 2, the work-hardening capability of Ti35 is significantly lower than Ti35-0.25B. In a large strain range (>10%), the cross-slip of dislocations leads to a reduction in strain-hardening capability, which can cause necking [32]. For Ti35, in stage 2 of deformation, the lack of additional dislocation sources and the reduced interaction between dislocations result in a rapid decrease in strain-hardening capability. However, for Ti35-0.25B, borides effectively hinder dislocation movement, leading to dislocation stacking. Additionally, the precipitates act as dislocation sources, increasing dislocation density and thereby enhancing work-hardening capability [33]. Meanwhile, the dendrite refinement effect provides more dendrite boundaries, similar to phase boundaries, which make the dislocation motion sluggish, leading to dislocation accumulation at the interfaces and promoting dislocation interactions. The combined effects of these two mechanisms enable Ti35-0.25B to maintain a high strain-hardening rate even at 15% tensile strain and delay the onset of necking. To investigate the effect of borides on fracture elongation, SEM was conducted on Ti35-0.25B at 12% tensile strain, as shown in Figure 6. Cracks are evident around the borides, as indicated by the yellow arrows in Figure 6. The non-coherent borides increase the interface energy, weaken the phase boundary cohesion, and cause stress concentrations under external loading, acting as crack initiation sites and reducing fracture elongation (Figure 4 and Figure 5a). Hence, the precipitation of an appropriate amount of borides can enhance the strength, strain-hardening capability, and uniform elongation, but it also reduces the fracture elongation.




4. Conclusions


In summary, the microstructure and mechanical properties of Ti35-xB HEAs with varying boron content were systematically investigated. Boron has low solubility and primarily exists as TiB-type borides with an orthorhombic structure. A trace of boron addition is unable to reduce the grain size, but the grain size decreases rapidly as the amount of borides at the grain boundaries increases. Additionally, the Zr-depleted borides at the grain boundaries are confirmed to inhibit dendrite growth, thus refining the dendritic structure. Borides and refined dendritic structures can enhance strain-hardening capability over a large strain range (>10%), thereby delaying the onset of necking. Ti35-0.25B exhibits a high uniform elongation of over 15%, higher than that of TiZrNb, TiZrVNb, and TiZrHfNb refractory multi-component alloys.
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Figure 1. (a) XRD spectra of Ti35-xB (x = 0, 0.25, 0.5, 1). (b) Temperature-dependent IF results of Ti35-0.5B. (c–f) Typical inverse pole figure (IPF) maps of Ti35-xB (x = 0, 0.25, 0.5, 1), respectively. 
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Figure 2. (a–d) The SEM images of Ti35, Ti35-0.25B, Ti35-0.5B, and Ti35-1B. (e) The enlarged dendritic structure and corresponding EDS maps. 
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Figure 3. The high-angle annular dark field TEM image of borides and corresponding EDS maps. 
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Figure 4. (a,b) The BF TEM images of borides at grain boundary and within the grain, respectively. (c,d) A HRTEM image of the interface between borides and matrix, and corresponding FFT pattern. 
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Figure 5. (a) RT tensile stress–strain curves of Ti35, Ti35-0.25B, Ti35-0.5B, and Ti35-1B. (b) The strain–hardening curves of Ti35, and Ti35-0.25B. 
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Figure 6. The SEM image of Ti35-0.25B at 12% tensile strain, cracks are indicated by yellow arrows. 
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