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Abstract

:

The effect of thermal cycling treatments on the thermal stability and mechanical properties of a Ti48Zr20Nb12Cu5Be15 bulk metallic glass composite (BMGC) has been investigated. Results show that moderate thermal cycles in a temperature range of −196 °C (cryogenic temperature, CT) to 25 °C (room temperature, RT) or annealing time at CT has not induced obvious changes of thermal stability and then it decreases slightly over critical thermal parameters. In addition, the dendritic second phases with a bcc structure are homogeneously embedded in the amorphous matrix; no visible changes are detected, which shows structural stability. Excellent mechanical properties as high as 1599 MPa yield strength and 34% plastic strain are obtained, and the yield strength and elastic modulus also increase gradually. The effect on the stability is analyzed quantitatively by crystallization kinetics and plastic-flow models, and indicates that the reduction of structural relaxation enthalpy, which is related to the degradation of spatial heterogeneity, reduces thermal stability but does not imperatively deteriorate the plasticity.
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1. Introduction


Compared with traditional crystals, bulk metallic glass (BMG) possesses high fracture strength, excellent wear and corrosion resistance, and great hardness thanks to the distinctive microstructures, which are needed for applications in many fields [1,2,3]. However, almost all BMGs exhibit catastrophic brittleness due to the limited deformation behavior of localized dominant shear bands [4]. To address this drawback, one can improve the plasticity by alloy optimization [5,6] or new technologies such as a mandrel winding method at room temperature [7] and thermal cycling treatment for rare-earth based amorphous alloys [8]. BMGs are also widely applied to fabricate in situ formed secondary ductile phase reinforced BMGCs [9,10,11]. Unfortunately, the glassy matrix is metastable and may transform spontaneously to a crystalline state. The ambient atmosphere affects the mobility of atoms greatly: when specimens are annealed at lower temperature (far below Tg), atoms may undergo structural relaxation [12,13] and some can slowly move to equilibrium positions, reaching a new metastable state. Structural relaxation always links to the mechanical properties of metallic glasses [7,14,15]; thermal stability, defined as a resistance to crystallization, is also relevant to β relaxation (a typical type of structural relaxation). For instance, Ichisubo et al. reported that ultrasonic annealing may accelerate the precipitation of the crystal phase and deteriorate the thermal stability [16].



Recently, the thermal stability and crystallization kinetics of a large amount of BMGs prepared using different manufacturing routes have been characterized [17,18,19]. If severe structural relaxation or crystallization occurs, metallic glasses may lose strength and start aging. To circumvent this problem, many precautions have been taken to impede aging. Component optimization is efficient due to complex atomic interaction [20,21,22]. Attemperation is a simple and low-cost method that has been developed in many metallic alloy systems such as La-Ni-Al [8], Ti-Zr-Be-Al [23], Zr-Ti-Cu-Ni-Be [24], and Ni-Zr-Ti-Si [25]. However, hitherto, very limited studies have been performed on the thermal stability of BMGCs, so it is necessary to explore the optimal technological parameters to rejuvenate BMGCs; on the other hand, the aging mechanism also needs to be researched in depth.



Ti-based BMGCs attract interest because of their potential as structure materials [19,26,27,28,29,30,31]. Ti48Zr20Nb12Cu5Be15 alloys possess greater plasticity and higher yield strength. For instance, Bai et al. focused on the quasi-static and dynamic deformation behavior at CT and an excellent cryogenic plasticity (totally 17.5%, at 5 × 10−4 s−1) was observed under quasi-static deformation [19]. Li et al. report excellent CT mechanical properties as high as 2760 MPa fracture strength and 18.4% plastic strain due to the interaction between secondary phases and shear bands [26]. Li et al. prepared this alloy under a medium vacuum system by adding different contents of oxygen and nitrogen, which mainly affects the dendritic strength and enhances work-hardening behaviors [31]. However, few studies on thermal stability of this alloy have been published. The aim of this work is to investigate the effect of thermal cycling treatments on the thermal stability and mechanical properties of that system. In addition, the research can explore a new aging-resistant technology for Ti-based BMGCs and verify its feasibility.




2. Materials and Methods


2.1. Material Preparation


The ingots of Ti48Zr20Nb12Cu5Be15 (at. %) BMGC were prepared by arc melting. The raw elements (the purity of Be was 99.5%; the rest were above 99.9%) were melted under a Ti-gettered purified argon atmosphere in a water-cooled copper crucible. The ingots were re-melted several times to ensure their chemical homogeneity; thereafter, they were injected into a water-cooled copper mold to form cylindrical rods 3 mm in diameter and 80 mm in length. The rods were cut to ensure they were 6 mm in length precisely (see Figure S1).




2.2. Thermal Cycling


A liquid nitrogen (LN) container with good insulation and a cryogenic thermometer with a temperature control accuracy of ±1 °C were used for this thermal cycling treatment. First, the test rods were wound using special low-temperature-resistant wires and connected to the self-designed LN caps (Figure 1a), then the rods were sealed into quartz tubes, fully immersed in LN and timing systems started until the thermometer showed CT, after several minutes, and finally taken out in the vicinity of RT for 5 min, which is a thermal cycle. The same container cap was produced in order to reduce the volatilization of LN. The temperature variation diagram with time during a thermal cycle is shown in Figure 1b. In this part, we focus mainly on the effect of cycling times and annealing time in CT on the thermal stability.




2.3. Testing and Characterization


The different phases were detected by X-ray diffraction (XRD, DX-2700, Dandong Fangyuan Instrument Co. Ltd., Dandong, China) with Cu Kα radiation, the scanning angle was in the range of 20° to 90°, and 40 kV and 30 mA were chosen as the setup for the tube. The thermal stability was characterized by Differential Scanning Calorimeter (DSC, NEZTCH 402, Szerb, Germany), which could heating samples in an atmosphere of pure Argon with different heating rates of 10 °C/min, 20 °C/min and 40 °C/min so as to assess the thermal stability (determined by glass transition temperature Tg, onset crystallization temperature Tx, peak crystallization temperature Tp, and crystallization enthalpy ΔH). The BMGC microstructure, obtained after grounding and etching (HNO3:HF:ethanol = 1:1:8), was observed with a Scanning Electron Microscope (SEM, TESCAN, Brno, Czech) performed on TESCAN VEGA3. Both sides of the rods were polished and placed parallel to each other and perpendicular to the loading axis. A uniaxial compressive mechanical test was operated using a MTS SANS CMT5105 machine (MTS Industrial Systems CO. LTD., Shenzhen, China) to evaluate the compressive yield strength and plasticity after different thermal cycling treatments under a strain rate of 10−4 s−1.





3. Results and Discussion


3.1. Microstructure


Figure 2 shows the micro morphology of Ti48Zr20Nb12Cu5Be15 BMGC with 0 and 20 rounds of thermal cycling, respectively. Compared with the SEM image of as-cast sample (0 cycle) by previous report [26,31], No obvious change has been detected and the dendrite secondary phases are homogeneously embedded in the amorphous matrix; the volume fraction of the secondary phases is 58% by estimating SEM images. Figure 3 depicts the XRD spectra of specimens with different thermal cycling; it demonstrates that the β-Ti (ZrNb) solid solution of BCC structure is added on the broad diffuse-scatter amorphous pattern. Apparently, a negligible difference in XRD spectra can be observed when compared with the as-cast sample, which is consistent with Figure 2a. Consequently, Ti48Zr20Nb12Cu5Be15 BMGC could maintain structural stability under the studied thermal conditions.




3.2. Thermal Stability


Figure 4a,b presents the DSC traces of the samples with a heating rate of 20 °C/min. As can be seen, all samples show a distinct glass transition and a supercooled liquid region (SLR) on DSC curves, i.e., small endothermic peaks occur at Tg near 380 °C (see Figure S2), implying that short-range atoms initially move to form many kinds of atomic clusters; subsequently, obvious exothermic peaks occur at Tx about 460 °C, showing a violent crystallization reaction. The original thermal parameters including Tg, Tx, ΔT (defined as Tx – Tg) and ΔH measured from DSC curves are summarized in Table S1. It is known that the values of Tg, Tx, and ΔT for different treated samples are quite similar, which indicates that Ti48Zr20Nb12Cu5Be15 BMCC alloy and its supercooled liquid possess good thermal stability in our moderate thermal cycling environment. However, both a long annealing time in CT and excessive cycles (e.g., 106 rounds of thermal cycling or LN annealing one week) lead to a decrease of Tx and ΔT. As a result, the temperature interval of SLR shows a minimum value of 72 °C (a decrease of 11.1%, approximately), indicating a reinforced crystallization trend and deterioration of thermal stability. On the other hand, samples that undergo excessive thermal treatments have a lower thermal enthalpy of crystallization (ΔH) than that of an as-cast sample, showing that the system may release less energy and satisfy the ordered atomic arrangement more easily. Related studies [32,33] show strong contact between Tg and the yield strength σ0.2, hence it is important to have a stable Tg to achieve mechanical stability.



To further estimate the thermal stability of the Ti48Zr20Nb12Cu5Be15 BMGC alloy, the reaction dynamics process can be characterized using the activation energies (ΔE), which can be expressed by the Kissinger and Ozawa methods [17,34,35]:
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here ΔE is the characteristic activation energy; β is the heating rate; T is the different characteristic temperature including Tg, Tx, and Tp, which can be obtained from DSC curves recorded in non-isothermal mode using different heating rate; v0 is the frequency factor, R is the gas constant; and k is the crystallization reaction rate. The Kissinger plots (see Figure S3), ln(T2/β) vs. 1/T, are established by linear fitting, hence the values of ΔE and v0 can be easily calculated from Equations (1) and (2) (the Kissinger and Ozawa methods, respectively). Moreover, the value of k can be obtained from Equation (3) (the Arrhenius method).



The thermal parameters of samples undergoing different annealing times with three different heating rates are summarized in Table 1, Table 2 and Table 3. (ΔE is a mean value calculated from Equations (1) and (2); all thermal kinetic parameters are listed in Tables S2–S4). Here the effect of different annealing time in LN was analyzed more deeply. It can be seen that ΔE and k have no obvious change near Tg and Tx between the as-cast and after 1 h treatment overall; when the glass transition starts, partial atoms absorb enough energy (mainly provided by the ambient temperature or severe plastic deformation) to become active and cross the energy barrier more easily, thus facilitating a crystallization reaction. The higher ΔE is, the more difficult it is for atoms to start transformation. Consequently, this system has great thermal stability owing to its wide SIRs and impervious ΔE. However, the glass transition activation energy Eg decreases from 143 kJ/mol (as-cast) to 128 kJ/mol (after one week, a reduction of 9.8%), indicating an increasing formation trend of SLR and the glassy matrix becoming fragile. A hypothesis is that visible changes may be detected when samples are annealed in LN more than one week.



Figure 5 denotes the temperature dependence of k. As we can see, all the curves show that the value of k increases monotonically with the improved temperature. Moreover, the values of k become larger and increase more dramatically near Tg after one week of treatment, illustrating that this sample is more easily crystallized. In addition, the crystallization behavior near Tx after different treatment changes a little and the effect is negligible. It is known that a slight structural relaxation occurs when amorphous alloys are in a cryogenic environment; meanwhile, the distance between short-ordered clusters may change, though they are usually 1–2 nm in magnitude [36,37]. A reasonable annealing process can relieve internal stresses previously existent in the metal; therefore, atomic arrangement tends to become ordered and homogeneous. In addition, the annealing process provides enough time for atoms to diffuse. As a consequence, the types and scales of amorphous orders increase gradually with the annealing time, all of which can contribute to crystallization and a lower thermal stability occurring naturally. The characteristic parameters of the 1-h treated sample show nearly no change, which further proves that the thermal cycling treatments’ function is not visible and they do not deteriorate the high thermal stability.




3.3. Mechanical Properties


Figure 6 displays the different thermal cycling parameters’ dependence on Young’s Modulus E, plastic strain ε, and yield strength σ0.2, respectively. It can be clearly seen that ε remains stable (~34%), indicating that the deformation behavior of the shear band is not sensitive to this technology. In addition, E and σ0.2 clearly increase after longer treatment. For instance, at a strain rate of 10−4 s−1, the as-cast composite yields at about 1358 MPa and then follows a 34% plastic deformation until fracture at 2610 MPa, which is comparable to other studies [28,31]. However, after 1 h treatment, yield emerges at about 1590 MPa (with an enhancement of 13.7%) and the glassy matrix seems to become harder (for details about mechanical parameters, see Figures S4 and S5 and Tables S5 and S6).



Although the origin of the slightly higher mechanical properties of the Ti48Zr20Nb12Cu5Be15 BMGC with thermal cycling remains unclear, we mainly discuss the possibility of a free-volume and released strain effect; for most composites, they all observe the rule of mixture [38]:


    σ  c o m p   =  φ c   σ c  +  φ g   σ g    



(4)




where σcomp, σc, and σg are the yield strength of BMCs, β-Ti phases, and glassy matrixes, respectively. φ is the fraction volume. This treatment mainly affects the amorphous phase through a slight relaxation. The crystal phase shown in Figure 2 is quite stable, so the total enhanced σcomp may attribute to the improvement of σg, which can be expressed as Equation (5) [39]:


    σ y  ≈ 50    T g  −  T 0   V  ,   



(5)




where σg is the yield strength of the amorphous phase, V is the molar volume, and T0 is the RT in compressive analysis. Tg and T0 can be regarded as constants that are consistent with the thermal stability, so σg keeps constant theoretically; the fluctuation of data may be ascribed to slight structural relaxation and spatial heterogeneity, but actually the atoms are arranged in a compact and orderly manner, forming many clusters, which shows a reduction of φc and an increase of φg in nanoscales, resulting in an enhanced total yield strength (σc < σg) [36]. The amorphous atoms become stiffer after structural relaxation and the interaction force increases, hence the Young’s modulus increases naturally.



Figure 7 shows an enlarged view of the glass transition regime of the DSC curve of the Ti48Zr20Nb12Cu5Be15 BMGC after different numbers of cycles. A visible change in the exothermic event prior to Tg can be noticed. It has been well documented that exothermic event prior to Tg is related to structural relaxation of the metallic glass, which can be regarded as the result of the annihilation of free volume (ΔVf) [40]. The reduction of ΔVf can certainly decrease the average atomic distance and thus less energy is needed for structural relaxation, and structural relaxation enthalpy (ΔH0) is proportional to ΔVf [41]. With the increasing cycles, the value of ΔH0 are 0.251 w/g, 0.211 w/g, 0.110 w/g, 0.123 w/g, 0.265 w/g, 0.066 w/g, and 0.091 w/g, respectively (see Table S7). Within experimental error, the structural relaxation enthalpy of this BMGC system has been decreased with the increment of thermal cycles N, indicating a reduction of ΔVf, which may increase the elastic modulus and the resistance to the plastic deformation. The details will be discussed later.




3.4. The Relationship between β Relaxation and Macro Properties


Ketov et al. found an eligible novelty of enhanced plasticity and hardness within La-based MGs after several cryogenic cycles, and observed a previously undetected microstructure [22]. However, for our Ti-based MGCs, this makes no obvious change in the macroscopic properties. One possible reason is as follows:

	(1)

	
β-relaxation is important in many properties of MGs [1,2,3,4,5,6,7,14,15], and is usually intensively affected both by ambient temperature and atoms’ interaction: for most metallic glasses, such as La-based [4,5,7,14,22,38], Cu-based [38], Zr-based [34,38,41], and Pd-based [42], if the annealing temperature is higher than (0.6–0.8) Tg a more distinctive β peak (usually comparable with a loss modulus) can be detected, i.e., La-based MG is a better candidate because of its low Tg. In our system, thermal parameters Tg (~380 °C) and Tx (~460 °C) are determined, which is consistent with previous studies [31,33]; therefore, the estimating annealing temperature should be higher than RT to capture an obvious β-relaxation. So it is attractive to reach higher annealing temperatures when cycling.




	(2)

	
The thermal cycles also make a contribution to β relaxation. For example, Ketov et al. use technology to regulate spatial non-affine thermal strain and behaviors of “defects”, and rejuvenation was mentioned [22]. For Ti-based BMGCs, the brittleness is effectively impeded by a secondary β-Ti phase with lower elastic stiffness and higher CTE [28,29,30]. β-Ti Crystalline phase is less effected due to their lower energy than that of amorphous matrixes thermodynamically, hence the behavior of amorphous matrixes during thermal cycles is more attractive. Wang et al. [32,33,34,38,43,44] established a relationship between the plasticity of MGs and β-relaxation using the flow-unit (FU) and shear-transition-zone (STZ) model. In our system, the effect of β-relaxation on the shear band’s propagation and movement is trivial compared with that of crystalline phases, resulting in a nearly unchangeable plasticity; this proves that our Ti-based BMGCs have great mechanical and microstructure stability (see Figure 2 and Figure 3).









What is more, the thermal cycling treatment may function in the nanoscale area by structural relaxation [36,37] and a degradation of spatial heterogeneity [43,44] induced by a released thermal strain. The possible reason is that annealing at a cryogenic temperature freezes the atom’s movement and maintains great spatial heterogeneity, and the characteristic length of spatial heterogeneity increases over time. When the specimens are in RT, a low-temperature β relaxation occurs, leading to a decreased high-energy dissipation domain and the microstructure of metallic glass becoming more uniform; these effects can be more obvious as the annealing time increases. Generally, enhanced Young’s modulus and yield strength (see Figure 6) are mainly ascribed to the loss of STZ and a uniform glass matrix [43,45,46]; in addition, many secondary phases provide a site for the absorption of amorphous atoms, thus there is more time to cross the energy barrier and reduced relaxation enthalpy is observed (see Figure 5 and Figure 7). Therefore, Tx has a tendency to decrease over time during annealing (see Figure 4). The cycling time has a similar effect on thermal stability: with increasing cycles, the stress near the vicinity of interfaces between MGs and dendritic arms is released, which is also responsible for a dissipation of FU and STZ, i.e., the decreased relaxation enthalpy is actually due to the degradation of spatial heterogeneity [43,45].



Nevertheless, as for most metallic glass composites, thermal cycling treatments have the side effects of improving thermal stability: the boundaries of secondary phases, acting as barriers, absorb considerable internal stresses and block the diffusion routes; similarly, low temperature also decelerates the velocity of atoms. On the other hand, severe structural relaxation does harm to amorphous properties. These two factors are equally essential but contradictory; as a result, the effect on thermal stability is opposite, so there is a local balance when treated moderately. However, with the increasing cycles or annealing time in LN, thermal stability is mainly dominated by structural relaxation and a great reduction in residual stress; hence, a slight decrease in thermal stability occurs at the end.



However, hitherto, there have been few reports about thermal stability and its relaxation behavior related to BMGCs. Here we apply a new technology to Ti-based BMGCs and further systematic research into the effect of relaxation on BMGCs must continue. At present, thermal cycling treatment can also have a slight effect on the mechanical properties of Ti-based amorphous composites.





4. Conclusions


In the present work, Ti48Zr20Nb12Cu5Be15 BMGC was prepared by arc-melting and copper casting methods, and the effects of thermal cycling on the thermal stability and mechanical properties of the specimens were investigated. The following conclusions are highlighted:

	(1)

	
Generally, the Ti48Zr20Nb12Cu5Be15 BMGC system possesses great thermal stability (ΔT = 78 °C) and good plasticity (over 30%) in the present experimental conditions. With increasing cycles or annealing time in LN (e.g., one week or 106 cycles), thermal stability is mainly dominated by a slight β relaxation and great reduction in residual stress, so a slight decrease of thermal stability occurs by the end.




	(2)

	
The elastic modulus and yield strength increase a little because of the relaxation after treatment. The maximum σ0.2 is 1599 MPa. No embrittlement evidence has been observed despite the decreased ΔH0 of the BMGC. This indicates that the reduction of structural relaxation enthalpy, which is related to the degradation of spatial heterogeneity, does not necessarily result in embrittlement.




	(3)

	
Ti48Zr20Nb12Cu5Be15 BMGC can keep great structural stability and no obvious change of microstructure can be detected after XRD and SEM analysis, indicating that the cryogenic treatment has a negligible effect on the phase distribution.
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Figure 1. (a) Schematic of the experimental device and (b) the thermal cycling process diagram, where the red phrases are the experimental variables. (For details of the thermal parameters, see Table S1.) 
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Figure 2. Microstructure morphologies (a) after 20 cycles of treatment and (b) without treatment [26]. 
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Figure 3. XRD patterns (a) after annealing for 1 min per cycle and (b) one cycle for different times in LN. 
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Figure 4. DSC traces after different experimental treatments: (a) single cycle and different annealing time in CT; (b) 1 min and different thermal cycles. 
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Figure 5. k–T curves of alloys with different annealing times in CT. 
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Figure 6. The summarized parameters of E, ε, and σ0.2 with different cryogenic cycling treatments. 
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Figure 7. Enlarged image of the DSC scanning curves at low temperatures (arrows indicate Tg). 
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Table 1. The characteristic temperatures, activation energy, and crystallization constant of as-cast.







Table 1. The characteristic temperatures, activation energy, and crystallization constant of as-cast.







	
Temperature

	
Scanning Rate (°C/min)

	
ΔE (kJ/mol)

	
(s−1)

	
   k    (s−1) (20 °C/min)




	
10

	
20

	
40






	
Tg (°C)

	
366 ± 1

	
381 ± 2

	
398 ± 1

	
143 ± 3

	
2.32 × 1011

	




	
Tx (°C)

	
442 ± 1

	
459 ± 1

	
475 ± 1

	
176 ± 2

	
3.09 × 1012

	
0.81




	
Tp (°C)

	
462 ± 1

	
475 ± 1

	
489 ± 2

	
227 ± 3

	
7.81 × 1015

	
0.98




	
ΔT (°C)

	
76 ± 1

	
78 ± 1

	
77 ± 1
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Table 2. The characteristic temperatures, activation energy, and crystallization constant after 1 h.







Table 2. The characteristic temperatures, activation energy, and crystallization constant after 1 h.







	
Temperature

	
Scanning Rate (°C/min)

	
ΔE (kJ/mol)

	
(s−1)

	
   k    (s−1) (20 °C/min)




	
10

	
20

	
40






	
Tg (°C)

	
367 ± 1

	
381 ± 1

	
399 ± 1

	
145 ± 2

	
3.03 × 1011

	




	
Tx (°C)

	
443 ± 2

	
460 ± 1

	
475 ± 2

	
183 ± 1

	
3.43 × 1012

	
0.82




	
Tp (°C)

	
460 ± 1

	
475 ± 1

	
488 ± 3

	
217 ± 2

	
1.56 × 1015

	
1.00




	
ΔT (°C)

	
76 ± 1

	
79 ± 1

	
76 ± 1

	

	

	











[image: Table] 





Table 3. The characteristic temperatures, activation energy, and crystallization constant after one week.







Table 3. The characteristic temperatures, activation energy, and crystallization constant after one week.







	
Temperature

	
Scanning Rate (°C/min)

	
ΔE (kJ/mol)

	
(s−1)

	
   k    (s−1) (20 °C/min)




	
20

	
30

	
40






	
Tg (°C)

	
381 ± 1

	
391 ± 1

	
399 ± 2

	
128 ± 2

	
6.30 × 1010

	




	
Tx (°C)

	
453 ± 1

	
462 ± 2

	
469 ± 2

	
184 ± 2

	
1.43 × 1012

	
0.11




	
Tp (°C)

	
477 ± 1

	
481 ± 2

	
485 ± 1

	
377 ± 4

	
3.06 × 1026

	
1.64




	
ΔT (°C)

	
72 ± 1

	
71 ± 1

	
70 ± 1
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