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Strain Rate Sensitivity Variation in CuZr-based Bulk Metallic Glass Composites Containing B2-CuZr Phase
Wei Ran1,    Chang Yun1,    Yang Sen1,    Zhang Changjun2,    He Lin1
1 State Key Laboratory for Mechanical Behavior of Materials, Xi’an Jiaotong University, Xi’an 710049, China; 2 Chang’an University, Xi’an 710064, China
Abstract: The strain rate sensitivity (SRS) of CuZr-based bulk metallic glass composites (BMGCs) containing a B2-CuZr phase with different volume fractions was investigated by performing uniaxial compression tests in a strain-rate-jump mode. It is found that the SRS exponents of the BMGCs can vary from negative to positive in the strain-rate range from 3.7×10-5 s-1 to 3.7×10-3 s-1 with increasing of the B2-CuZr phase volume fraction. However, the positive SRS exponent of the BMGC with a higher B2-CuZr phase volume fraction up to about 80% is still unexpectedly low. This is attributed to the limited strain-rate-dependence of mechanical behavior of the B2-CuZr phase, which is induced by the martensitic transformation effect of the phase during deformation. It is obvious that the SRS ceiling of the CuZr-based BMGCs is controlled by the B2-CuZr phase.
Key words: bulk metallic glass; metallic composite; strain rate sensitivity; martensitic transformation; shear band
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Bulk metallic glasses (BMGs) have attracted great attention owing to the excellent strength and elasticity far above that of their crystalline counterparts [1-3]. However, BMGs with long- range disordering atomic structure suffer from limited plasticity and work-softening due to their shear-band-based deformation mode [4-6], which hamper their engineering applications. Extensive efforts have been devoted to improving the ductility of BMGs. Fabrications of BMG-based composites (BMGCs) containing crystalline phases have been proved to be effective in enhancing the plasticity and alleviating the work-softening of monolithic BMGs due to the introduction of dislocation-mediated deformation mode [7,8]. Recently, a remarkable plasticity and a work-hardening-like characteristic have been obtained for the CuZr-based BMGCs containing a B2-CuZr phase [9-13]. It has been identified that deformation-induced martensitic transformation of the B2-CuZr phase is responsible for the unusual mechanical behavior [11], which is similar to the transformation-induced plasticity (TRIP) in some traditional crystalline alloy systems.
Another mechanical characteristic of BMGs concerns their strain rate sensitivity (SRS). All kinds of positive SRS [14,15], no SRS [16,17], and negative SRS [18,19] were ever reported for BMGs. Although the SRS characteristic of BMGs is still under intense doubts, most BMGs were found to have positive SRS from nanoindentation [20,21], and exhibit negative SRS under uniaxial compression [22-26] or tension [27,28]. The difference was correlated with the specimen volume involved in plastic deformation process [21]. In a nanoindentation test, the plastic deformation volume continuously expands with increasing of the indentation depth. In a uniaxial loading, however, a constant deformation volume is kept, which should more approximately reflect the situation for engineering applications.
The negative SRS of BMGs upon uniaxial loading was also attributed to their shear-band-based deformation[24-26]. For BMGCs containing crystalline phases, it is expected that their SRS can be affected by the competition of shear-band-based and dislocation-based deformations according to the role of mixtures. Like traditional crystalline alloys, BMGCs may present positive SRS under uniaxial loading. This has been demonstrated in some BMGCs. For example ZrTi-based BMGCs containing tungsten phase[29,30] or -phase dendrites[31-34] were found to exhibit positive SRS under uniaxial compression or tension. For new Cu-Zr-based BMGCs containing a B2-CuZr phase, it can be reasonably inferred that the SRS may be additionally affected by the martensitic transformation of the phase besides its dislocation-based deformation. However, so far, little attention has been devoted to this issue. In the present work, SRS variation of CuZr-based BMGCs containing the B2-CuZr phase was investigated under uniaxial compression, and the martensitic transformation effect of the B2-CuZr phase on the SRS was analyzed.
1  Experiment
A master alloy ingot of composition Cu48Zr48Al4 was produced by arc-melting Zr, Cu and Al with 99.99% purity in a Ti-gettered argon atmosphere. Cylindrical rods with the diameters of 2mm, 3 mm and mm were prepared via suction casting using copper moulds. In order to explore the mechanical behavior of B2-CuZr crystal, some of the as-cast precursory rods with the diameter of 3 mm were heat-treated by annealing at 1073 K (above the eutectoid temperature of the alloy) and thermal cycling between 673 K and liquid nitrogen temperature, and the detailed procedure was described in Ref. [35]. 

The microstructures of the as-cast and heat-treated rods were examined by X-ray diffraction (XRD) using an X’Pert-Pro diffractometer with Cu K( radiation and observed by scanning electron microscopy (SEM) using a JSM-7000F microscope. The crystallization characteristics of the rods were identified by differential scanning calorimetry (DSC) using a SETARAM-LabsysTM TG-DSC at a heating rate of 0.677 K/s with a sample mass of 30±1 mg.
Cylindrical specimens with two aspect ratios of 2 and 1.5 were cut from the as-cast and heat-treated rods. Normal compression tests were conducted using the specimens with the normal aspect ratio of 2 at an initial strain rate of 1.39×10-4 s-1. Strain-rate-jump compression tests were performed using the specimens with the lower aspect ratio of 1.5 to evaluate the SRS of flow stress. In the strain-rate-jump compression tests, the specimens were initially deformed at a strain rate of 3.7×10-3 s-1 until steady flow states were reached. Then, the strain rate was cyclically changed between 3.7×10-3 and 3.7×10-5 s-1 for each engineering-stain increment about 1%. The lower aspect ratio could make the cycled strain-rate-jump be conducted at least three times for all the specimens before fracture. Compared with separate specimen measurements, the strain-rate-jump compression on the same specimen could minimize possible test-to-test variation induced by artificial reasons for the SRS evaluation of the specimens [24-26]. The side and the fracture surfaces of the specimens were examined by the SEM observations after the compression.
2  Results and Discussion

2.1  Microstructures of the as-cast and heat-treated specimens

Fig.1a shows the XRD patterns of the as-cast specimens with different diameters and the heat-treated specimen. The as-cast 2 mm specimen displays a monolithic glassy nature, while the as-cast 3 mm specimen presents crystalline peaks corresponding to a B2-CuZr phase on the top of amorphous bulk. For the as-cast 4 mm specimen, much stronger B2-CuZr peaks, weaker B19'-CuZr peaks and amorphous bulk are co-exhibited, indicating that the main crystalline phase in the specimen remained as B2-CuZr phase. In the heat-treated specimen, the B2-CuZr phase is mainly formed, which is consistent with the result in Ref. [35]. Fig.1b shows the corresponding DSC curves of the specimens, and the crystallization enthalpies, Hc, were examined. The relative amounts of the B2-CuZr phase in the 3 mm and 4 mm specimens can be estimated from the ratios of their Hc to that of the 2 mm specimen with monolithic glassy nature. The B2-CuZr phase volume fractions, Vf-B2, estimated in the 3 mm and 4 mm specimens are about 31% and 80%, respectively. For the heat-treated specimen, no apparent crystallization peak was detected, thus the Vf-B2 can be approximatively considered to be about 100%, and the specimens is regarded as in austenite state in the following description. 
The SEM images of the as-cast 3 mm and 4 mm specimens in a backscattered electron (BSE) mode are displayed in Fig.2a and 2b. It can be seen that the microstru-
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Fig.1  XRD patterns (a) and DSC curves (b) of the as-cast specimens with different diameters and the heat-treated specimen
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Fig.2  SEM images (BSE mode) of the as-cast 3 mm (a) and 4 mm (b) specimens

ctures are characterized by dark B2-CuZr precipitates with patch-like shape embedded in a brighter, featureless matrix. The information indicates that the as-cast 3 mm and 4 mm specimens are in-situ BMGCs containing the B2-CuZr phase embedded in the glassy matrix. 

2.2  Mechanical behavior

  Fig.3a shows the compressive engineering stress-stain (-) curves of different specimens at a strain rate of 1.39×10-4 s-1. By converting the (-( curves into the true stress-strain (S-e) curves (not shown here), the corresponding work-hardening rates () can be calculated using the following equation[11]:
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The curves of the work-hardening rate vs. the true strain (-e) are displayed in Fig.3b. From Fig.3a and 3b, it can be seen that the yield strength of the specimens decreases and the corresponding work-hardening ability increases with increasing of the Vf-B2. The glassy 2 mm specimen displays obvious work-softening after yielding ( <0). The 4 mm specimen with about 80% Vf-B2 exhibits a triple yielding characteristic and remarkable TRIP-like work-hardening. The austenite specimen with the Vf-B2 about 100% presents the lowest yield strength but the highest work-hardening rate (>1.2×104 MPa), indicating that the B2-CuZr intermetallic phase is quite ductile. For the 3 mm specimen with about 31%Vf-B2, a combination of higher yield strength, remarkable work-hardening and higher plasticity could be achieved. All of the results above mentioned reflect the unusual contribution of the B2-CuZr phase to the present CuZr-based BMGCs, which are consistent with the former reports [9-13].
Fig.3c shows the compressive engineering stress-stain (-)
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Fig.3  Compressive engineering stress-stain curves of different specimens at a strain rate of 1.39×10-4 s-1 (a) and the corresponding relationships between work-hardening rate  and true strain e (b); compressive engineering stress-stain curves of different specimens at the jumping strain rates of 3.7×10-3 s-1 within region I and 3.7×10-5 s-1 within region II (c)
curves of four specimens at the jumping strain rates. As the strain rate decreases from 3.7×10-3 s-1 (region I) to 3.7×10-5 s-1 (region II), different flow stress variations are displayed: flow stress increases for the as-cast 2 mm specimen, slightly increases for the 3 mm specimen and decreases for the 4 mm and the austenitic specimens. The average flow stress differences, 
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, for the three cycles of strain-rate-jump are listed in Table 1. The SRS exponent, m, of the flow stress can be calculated by the following expression[29-31]:
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 is the strain rate. The average SRS exponents, 
[image: image5.wmf]m

, of different specimens for the three cycles of strain-rate-jump are also listed in Table 1. It is displayed that the m values change from negative to positive with increasing of the Vf-B2. However, the positive m value of the 4 mm specimen with
Table 1  Average flow stress differences (
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	2 mm
	0
	41
	(0.0038

	3 mm
	31
	8
	(0.0008

	4 mm
	77
	(28
	0.0031

	Austenite
	100
	(35
	0.0068


~80%Vf-B2 is only about 0.0031, which is much lower than that of a Zr-based BMGC reinforced with 80% volume fraction of tungsten phase (about 0.023)[30], or that of a Zr-based BMGCs containing 67% volume fraction of-phase dendrites (about 0.015) [31]. In addition, the m value of the austenitic specimen with ~100%Vf-B2 is about only 0.0068, which is also much lower than that of monolithic tungsten (0.027~0.042)[29,30]. Although the work-hardening ability of the present BMGCs could be remarkably enhanced by increasing of the B2-CuZr phase volume fraction (Fig.3b), it is apparent that very limited strain-rate-dependence of the flow stress is performed at the same time.
Fig.4 shows the XRD patterns of the BMGC and austenite specimens after compressive fracture. Compared with their original XRD patterns before compression in Fig.1a, it can be clearly seen that a deformation-induced martensitic transfor- mation from the B2-CuZr to the B19'-CuZr phase occurs in the BMGC and austenitic specimens. Thus, the unexpectedly low SRS of the specimens should be correlated with the martensitic transformation effect of the B2-CuZr phase during deformation.

2.3  Fractography
Fig.5 shows the compressive SEM fractographs of the as- cast specimens at the strain rate of 1.39×10-4 s-1. The SEM images of the lateral surfaces of the fractured specimens are inserted in the corresponding figures, which display that all the as-cast specimens are fractured in a shear mode. For the glassy 2 mm specimen, most of the fracture surface shows a typical vein-like pattern (Fig.5a). The vein-like pattern is regarded as the characteristic morphology on the shear fracture surfaces of BMGs, indicating a high temperature rise caused by adiabatic heating related to shear-band-based deformation in BMGs. Although the SRS micromechanism of BMGs is still under exploration, the negative SRS may be correlated with the adiabatic heating. For example, SRS of two Zr-based BMGs could vary from negative at room temperature to positive at a cryogenic temperature (77 K)[36,37]. A ZrTi-based BMGC containing ductile -phase dendrites could exhibit distinct positive SRS due to the lower temperature rise on the fracture surface even under dynamic compression[33]. For the 3 mm specimen with about 31%Vf-B2, the vein-like pattern
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Fig.4  XRD patterns of the specimens after compressive fracture
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Fig.5  SEM fractographs and the corresponding SEM images of the lateral surfaces of the fractured as-cast specimens after compression
at a strain rate of 1.39×10-4 s-1: (a) 2 mm, (b) 3 mm, (c) 4 mm, and (d) enlarged view corresponding to region A
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Fig.6  SEM fractograph and the corresponding SEM images of the lateral surface of the fractured austenite specimen after compression at a strain rate of 1.39×10-4 s-1 (a), enlarged views corresponding to region A (b) and region B (c)
area obviously decreases (Fig.5b). With further increasing the Vf-B2 to about 80% in the 4 mm specimen, almost no apparent vein-like pattern area could be observed (Fig.5c). The decreasing tendency of the vein-like pattern area with increasing of the Vf-B2 could be attributed to the reduction of the shear-band-based deformation in the glassy matrix and the enhancement of the dislocation-mediated deformation in the B2-CuZr phase in the BMGCs. However, the domination effect of the B2-CuZr phase in the 4 mm specimen does not effectively increase its SRS. Fig.5d shows the enlarged view corresponding to the apparent smooth region A in Fig.5c. It can be seen that vein-like pattern can be still observed at a higher magnification on the 4 mm specimen with a higher Vf-B2, indicating that similar temperature rise occurs on the surface, and only the temperature rising extent is relatively lower according to the spread extent of the vein-like pattern.
Fig.6a shows the compressive SEM fractograph of the austenite specimen at the strain rate of 1.39×10-4 s-1. The SEM images of the lateral surface of the fractured specimen is also inserted in the figure, which displays that the austenite specimen also fractured in a shear mode. At the same magnification such as Fig.5b and Fig.5c, no apparent vein-like pattern could be observed on the fracture surface. At a higher magnification, however, it can be seen that viscous flow trail (Fig.6b) and dimple-like pattern (Fig.6c) still appear on the fracture surface, signifying temperature rising on the surface. Similar viscous flow morphologies were also reported in a high strength Fe-based crystalline alloy with a martensitic TRIP effect [38]. It was supposed that the viscous flow morphologies were related to the martensitic transformation latent heat, which could cause an adiabatic heating within the alloy with increasing strain rate, and facilitate shear-banding deformation. The shear-banding deformation would counteract the conventional work-hardening, as a result, very limited positive SRS was observed in the alloy. Similar phenomena were also found in TRIP steels[39], austenitic stainless steels and Cu-based superelastic alloys with TRIP effect[40,41]. For the present austenitic specimen, the shear-banding deformation mode (see the inset in Fig.6a) and the viscous flow morphologies (Fig.6b and 6c) would be reasonably correlated to the martensitic transformation latent heat of the B2-CuZr phase. This should be the reason for the limited strain-rate-dependence of flow stress in the specimen. It is apparent that the SRS of the alloys with TRIP effect may be commonly affected by the adiabatic heating of martensitic transformation. It is worth mentioning that the adiabatic heating extent in the austenitic specimen might not be as high as that in the BMGC specimen (comparing Fig.6a with Fig.5a), and thus a limited but positive SRS is obtained. For the BMGC specimens, their SRS exponents could vary from negative to positive with increasing of Vf-B2; however, the ceiling would be limited by the SRS of the B2-CuZr phase.
The present results provide an indication that the CuZr-based BMGCs containing B2-CuZr phase may have lower potential mechanical properties at higher strain rates due to the limited strain-rate-response of the B2-CuZr phase. But the strain-rate range concerned in the present study is narrower, and further investigations need to be conducted in wider strain-rate ranges, especially under dynamic loading.
3  Conclusions
1) The SRS exponents of the CuZr-based BMGCs containing a B2-CuZr phase could vary from negative to positive with increasing of the B2-CuZr phase volume fraction within the strain-rate range from 3.7×10-5 s-1 to 3.7×10-3 s-1.
2) The positive SRS exponent of the BMGC with a higher B2-CuZr phase volume fraction up to about 80% is found to be only 0.0031. This is attributed to the lower SRS exponent of the B2-CuZr phase itself.
3) The limited strain-rate-dependence of mechanical behavior for the B2-CuZr phase is correlated with the martensitic transformation effect of the phase during deformation.
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含B2-CuZr相CuZr基块体金属玻璃复合材料应变速率敏感性的变化
魏  然1，昌  云1，杨  森1，张长军2，贺  林1
(1. 西安交通大学 金属材料强度国家重点实验室，陕西 西安 710049)

(2. 长安大学，陕西 西安 710064)

摘  要：通过应变速率跳跃模式下的单轴压缩试验，研究了含有不同体积分数B2-CuZr相的CuZr基块体金属玻璃复合材料的应变速率敏感性。结果发现，随着B2-CuZr相体积分数的增加，在3.7×10-5 s-1至3.7×10-3 s-1的应变速率范围中，该复合材料的应变速率敏感指数可由负值变化为正值。但是，对于B2-CuZr相体积分数高达约80%的复合材料，其应变速率敏感指数的正值仍然是反常的低。这一现象与B2-CuZr相自身力学行为所呈现的有限应变速率依赖性有关，是由于变形过程中B2-CuZr相的马氏体相变效应所致。研究结果显示，CuZr基块体金属玻璃复合材料的极限应变速率敏感性受制于B2-CuZr相。
关键词：块体金属玻璃；金属基复合材料；应变速率敏感性；马氏体相变；剪切带
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