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Abstract

:

The influence of isothermal annealing on the strain rate sensitivity (SRS) of a Zr-based bulk metallic glass (BMG) was investigated by nanoindentation. A more positive SRS is observed with a decrease in the content of the free volume (FV) of the sample. Furthermore, the SRS becomes nearly constant with increasing annealing time when the FV is annealed out. By taking into consideration the FV-assisted activation and combination of the shear transformation zones (STZs), the underlying mechanism is well understood. The current work may offer useful insights into the correlation between the microstructure and mechanical properties of BMGs.
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1. Introduction


Strain rate is believed to have a significant effect on the deformation dynamics of bulk metallic glasses (BMGs) [1,2,3]. Due to the high-resolution load–displacement data and a minimally preparing influence on the mechanical behavior, nanoindentation becomes an efficient method of understanding the dependence of mechanical properties on the strain rate in BMGs [2,4,5,6,7]. For instance, it is demonstrated that the serrated flow is more conspicuous under slower indentation rates [4,6,7,8]. The underlying mechanism is usually ascribed to the spatiotemporal behavior of shear bands (SBs) [9,10]. A sufficiently low indentation will result in discontinuous and isolated SBs, while the simultaneous operation of multiple SBs is needed to accommodate the rapidly imposed strain under high indentation rates, i.e., the serrated events are restrained. It is therefore expected that the indentation rate will have a direct impact on the yielding strength or hardness, because the latter is strongly influenced by the initiation and propagation of the SBs [11,12,13,14].



Due to the absence of long-range order, there are no dislocations or other crystalline defects in BMGs. Upon loading, the casting defects, i.e., free volume (FV), act as the basic stress concentrators. Specifically, a concentrator firstly initiates an embryonic SB by activating a group of shear transformation zones (STZs) locally, and when the embryonic SB becomes larger than a critical size, it will result in the formation of a mature SB, which corresponds to the yield of BMGs [12,14,15,16]. In this regard, the actual fundamental factor that influences the correlation between yielding strength (or hardness) and strain rate is the FV, which is a key parameter controlling the activation of the STZs [17,18,19]. Sub-   T g    (glass transition temperature) annealing, which can apparently annihilate the FV in BMGs [20,21], is therefore supposed to have a direct effect on the strain rate sensitivity (SRS) of hardness. For instance, Bhattacharyya et al. [5] reported a more negative SRS in a structural relaxed (sub-   T g    annealing) sample, and attributed this correlation to the lower content of FV and the stronger relaxation-induced hardening under lower strain rates. However, Xue et al. [22] demonstrated a positive but less sensitive SRS in the annealed specimen, which was ascribed to a lower production of FV throughout the deformation and a weaker softening under the higher strain rate. Analogous inconsistent results can also be found in other literatures, but the underlying mechanism is still under debate [23,24,25,26,27,28]. Evidently, how the SRS of BMGs is affected by the structural state is not clear yet. Further investigation is needed to obtain more insights into this issue. In this work, the dependence of SRS on the structural state of a Zr-based BMG is investigated both in as-cast and structurally relaxed states. A more positive SRS is found accompanying the decreasing FV content. Meanwhile, the SRS becomes nearly constant with increasing annealing time when the FV is annealed out.




2. Materials and Methods


Zr52.5Cu17.9Ni14.6Al10Ti5 (Vit 105) BMG plates with dimensions of 40 × 20 × 2.5 mm3 were obtained by arc-melting and drop casting methods, which can be found in [12]. The as-cast plates were cut into cubic specimens with dimensions of 5 × 5 × 2 mm3 for indentation tests. The isothermal annealing was carried out in a muffle furnace by sealing the samples in evacuated quartz capsules. There were six groups of samples with different structural states, which were labeled as “a”, “b”, “c”, “d”, “e” and “f”. Sample “a” was as-cast. Samples “b”, “c” and “d” were annealed at 550 K, 600 K and 650 K for 30 min, respectively. Samples “e” and “f” were annealed at 650 K for 2 h and 24 h, respectively. The detailed annealing parameters are listed in Table 1. The amorphous state of all samples was identified through X-ray diffraction and high-resolution transmission electron microscopy (HRTEM, JEOL JEM-2100F, Tokyo, Japan). The FV changes induced by isothermal annealing were indirectly measured by differential scanning calorimetry (DSC). DSC tests with a heating rate of 0.33 K/s were conducted using a TA Q2000 thermal analysis instrument in a flow of argon.



Prior to the indentation tests, the surfaces of the specimens were ground and polished to a mirror finish. Nanoindentation tests were performed in a Nanovea PB 1000 system (Irvine, CA, USA) with a standard Berkovich tip indenter. All of the samples were indented under a load-controlled mode and the peak load, Pmax, was fixed at 300 mN. The selection of 300 mN was intended to eliminate the effect of indentation size on the hardness [29]. The loading rates,   P ˙  , were chosen as Pmax/300, Pmax/150, Pmax/30 and Pmax/15 mN/s, respectively. The determination of the loading rate employed in this work was bounded by experimental limitations; slow loading rates are complicated by thermal and electronic drift, while data acquisition rates are insufficient to resolve extremely rapid cases. To assistance in the analysis of the variation of hardness with the strain rate, all of the loading rates,   P ˙  , adopted in this study were transformed into the equivalent strain rate based on the equation deduced by Pan et al. [30]:    ε ˙  =   P ˙  /  2  P  max      . A lateral distance of 20 μm between two adjacent indentations was adopted to remove the overlap of the plastic regions. At least 16 indentations were conducted far from the bulk boundary under each condition for the reliability of the data. After tests, scanning electron microscopy (SEM; SU6600, Tokyo, Japan) was used to identify the surface morphologies of the indentations for a more accurate hardness calculation.




3. Results


HRTEM images of samples “a” and “f” are presented in Figure 1a,b, respectively. Accordingly, it can be found that all of the atoms distribute randomly, which indicates a glassy state of the samples. In addition, the corresponding selected area electron diffraction (SAED) patterns are displayed in the upper right corner of the HRTEM images. Obviously, they further confirm the amorphous structure of the specimens. Considering that sample “f” was annealed at the highest temperature (650 K) for the longest time (24 h) in this work, the above results corroborate that all the samples used in this work have a fully amorphous nature.



The DSC curves are shown in Figure 2. Apparently, all of the samples exhibit similar glass transition and crystallization. However, as shown in the inset of Figure 2, an obvious difference can be found by amplifying the excess relaxation before the glass transition. It is accepted that the heat release (  ∆ H  ) of the excess relaxation prior to glass transition could be treated as an indicator of the excess FV (   ν f   ) in BMGs. The relationship can be written as:   ∆ H =  β ′   ν f    [31,32], where   β ′   is a constant of the material. Accordingly, it can be found that the FV concentration decreases monotonically with the increasing annealing temperature or annealing time. In particular, samples “e” and “f” do not exhibit exothermic behavior prior to the glass transition (  ∆ H = 0  ), indicating that the FV in these samples is almost annealed out.



Figure 3a,b demonstrate the representative load–displacement (P-h) curves of samples “a” and “d” under different strain rates, respectively (Figure 3a is cited from my previous work [29]). The insets show the SEM micrographs of indentations tested with the equivalent strain rate of 0.017 s−1, which implies considerable pile-ups around the indents. It is pointed out that the pile-up changes the effective contact area and hence may lead to errors in the calculation of hardness by the Oliver–Pharr method [5,33]. As a consequence, Meyer’s hardness, defined as   H =    P  max    /   A t     , is adopted in this work. Here,    A t  =   3  3   a 2   / 4   , is the true contact area and  a  is the averaged length from the corner to the center of the triangular impression with the help of SEM [29,34]. From Figure 3a, it can be found that the curvature of the loading section of the P-h curves for sample “a” increases slightly with increasing strain rate, which indicates a higher load is needed under a larger strain rate for a same indentation depth, i.e., a positive dependence of hardness on strain rate. Moreover, a more pronounced rise of the curvature can be found during the loading segment of the P-h curves for sample “d”, as demonstrated in Figure 3b, which means a larger SRS caused by annealing. In addition, as shown in Figure 3a,b, apparent displacement bursts (i.e., pop-in) can be observed during the loading section, especially at lower strain rates. A more intuitive representation of the correlation between the average length of pop-in, which is counted using the method pointed out by Burgess et al. [3] and the equivalent strain rate, is illustrated in Figure 4. Strikingly, the average length of pop-in decreases by increasing either the strain rate or FV content. This considerable variation may be ascribed to the inhomogeneous flow of the material underneath the indenter [3,15].



The variance of hardness with strain rate is presented in Figure 5 in double-logarithmic coordinates. The SRS exponent  m  is evaluated by:


  m =   d log H   d log  ε ˙     



(1)







Here,  H  and   ε ˙   correspond to the indentation hardness and equivalent strain rate, respectively. Therefore,  m  is the slope of the dotted line obtained via fitting the dependence of the hardness on the equivalent strain rate presented in Figure 5. Evidently, for all samples,  m  is positive and has a monotonous increase with the decreasing FV. More importantly, the SRS of sample “d” is very close to that of sample “e”. Taking into consideration the extremely low content of FV in the two samples, it indicates that the SRS of the BMG will remain constant when the FV is annealed out. To get further insight into the dependence of SRS on the structural state, the same nanoindentation tests were performed on sample “f”. As demonstrated in Figure 6,  m  is about 0.0298, which is approximately equal to that observed for sample “e”. This confirms that the SRS becomes nearly constant with increasing annealing time in the fully annealed BMG.




4. Discussion


It has been suggested that the BMG structure could be considered as a composite consisting of an elastic backbone and liquid-like regions containing a high density of FV [35,36]. Upon loading, STZ operation is more likely to occur around the weaker zones with excess FV through the diffusion and rearrangements of the atoms [37,38,39]. Once the external stress reaches a critical value, the activated STZs extend outwards and connect with each other. This results in the formation of a mature SB and gives rise to an irreversible yield of BMG [14,39,40]. The critical stress can be treated as the yielding strength or the hardness. During this process, the activation of STZs occurs first, and then plasticity grows, leading to the creation of FV [41]. In order to describe the homogeneous elastoplastic behavior of BMGs, Jiang et al. [41] proposed a constitutive model by incorporating the interaction of FV dynamic and shear transformations. The dimensionless constitutive equations are:


    ε ˙   p l   = exp ( −  1 / ξ  ) exp  [   E A   (  1 −  1 / T   )   ]   [  Λ sinh (  σ /  T ) − ∆ cosh ( σ / T )    ]   



(2)






   σ ˙  =  ε 0  μ  (   ε ˙  −   ε ˙   p l    )   



(3)






   ∆ ˙  = 2   ε ˙   p l   − φ  |  σ   ε ˙   p l    |  ∆  



(4)






   Λ ˙  = φ  |  σ   ε ˙   p l    |  ( 1 − Λ )  



(5)






   ξ ˙  =  D  i a    |  σ   ε ˙   p l    |  − ϕ exp ( −  1 / ξ  ) exp  [   E A   (  1 −  1 / T   )   ]   



(6)




where     ε ˙   p l     is the plastic strain rate,  ξ  is the average free volume concentration,  ∆  and  Λ  represent, respectively, the bias and summation of normalized populations of two STZ states,  σ  is the shear stress,  T  is the ambient temperature,  μ  is the shear modulus,   ε ˙   is the overall shear strain rate,   φ =  σ 0   ε 0   φ ¯    is the proportional coefficient between the STZ creation/annihilation rate and the plastic work rate,    D  i a   =     D ¯   i a    σ 0   ε 0   /   P ∗      is a dilatancy factor,    P ∗    is a characteristic pressure and   ϕ =   ϕ ¯  / χ    is the ratio of the coefficient   ϕ ¯   and the geometrical factor  χ .    E A  =   ∆ G  /   k B   T g     , where   ∆ G   is the STZ activation energy and    k B    is the Boltzmann constant. The detailed definitions or values of the other parameters can be found in [41]. As for the Vit 105 BMG, it is justifiable to take the parameters to be the same as for Vit 1, as summarized in [41]. A numerical relationship between    σ /   σ 0      and    ε /   ε 0      is illustrated in Figure 7 at a fixed temperature of 298 K and an initial system (   ∆ 0  = 0  ,    Λ 0  = 0.5  ,    ξ 0  = 0.05   and    D  i a   = 0.01  ) under different strain rates. Obviously, a higher strain rate corresponds to a higher stress overshoot, i.e., a larger hardness. This can be well understood in terms of the FV-assisted activation and connection of the STZs. The FV dynamics include not only stress-induced creation but also diffusion-induced annihilation [18,42,43,44] and the production term can be written as [43]:


  P  (   c f  ,  ε ˙  , T  )  =  α x   ε ˙   c 0    ln  2   c 0   



(7)




where    α x    is a temperature-dependent proportionality factor,   ε ˙   is the loading rate during indentation and    c 0    is the concentration of pre-existing FV. Accordingly, it can be found that the created FV upon loading is proportional to the indentation loading rate and the pre-existing FV. Upon loading, a higher strain rate means a larger stress and an expected larger plastic deformation for the same loading time. However, the growth of plasticity is dominated by STZs and the activation of STZs is assisted by FV [45,46]. A higher strain rate also leads to a delay for both the activation of the STZs and the production of the FV because of the shorter time. Then, the population of activated STZs will be less than its anticipant number and cannot match the expected plastic deformation to the corresponding stress. A higher stress is required to activate more STZs. This leads to a higher yield stress prior to strain softening (stress drop), and therefore a more pronounced stress overshoot is examined at larger strain rates, as demonstrated in Figure 7. This is in line with the results reported by others [40,41,47,48]. Consequently, it is reasonable to conclude that a larger stress is required to activate STZs under a higher strain rate. This corresponds to the positive SRS demonstrated in Figure 5.



In the context of sample “a”, the potential sites for the initiation of the STZs is relatively large because of the abundant pre-existing FV. Therefore, under a higher strain rate, the delay of the activation of the STZs and the corresponding stress overshoot is expected to be slight, which finally results in a weak influence of strain rate on hardness. However, the potential positions for the initiation of the STZs is less and less, in descending order from sample “a” to sample “d”, due to the lower and lower pre-existing FV. In this case, the lack of initiation sites combines with the shorter time for the activation, which leads to a remarkable delay of the activation of STZs at a higher strain rate, which finally results in a larger and larger stress overshoot, i.e., a more positive SRS, in ascending order from sample “a” to sample “d”. This is consistent with the results observed in Figure 5. As for samples “e” and “f”, the pre-existing FV is almost annealed out, i.e., the FV contents are equal to each other. In light of Equation (7), the newly generated FV is also the same. Moreover, the peak load and loading rates adopted for the two samples were identical. Therefore, the FV-assisted activation and accumulation of STZs is almost same in the two samples. In other words, the SRS index is nearly constant when the FV is annealed out. This agrees well with the nearly identical  m  value observed in samples “e” and “f”.



After yielding, under a higher strain rate, there is a larger amount of activated STZs resulting from the higher stress overshoot, which in turn contributes to a larger net creation of FV. The increase of the strain rate gives rise to positive feedback between the STZ and the FV [8]. The higher the strain rate, the larger the number of activated STZs, and thus the higher the density of SBs. During nanoindentation, the total plastic displacement can be written as:    h p  =  N P  ∆ h  ,where   ∆ h   is the average length of pop-in during the loading segment and    N P    is the SB density [15]. In load-controlled experiments under different strain rates,    h p    is approximately equal. Therefore, the average plastic strain sustained by each SB, i.e., the average length of pop-in, is smaller under a higher strain rate. This is in conformity with both the smoother P-h curves presented Figure 3 and the smaller pop-in length demonstrated Figure 4 at higher strain rates. The correlation between pop-in length and the structural state can also be understood from the above analysis. According to the results shown in Figure 2 and Equation (7), it is reasonable to conclude that the amounts of both the initial and the newly generated FV have a monotonous decrease, in descending order from sample “a” to sample “f”. Therefore, the SB density, i.e.,    N P   , is smaller in the sample with a lower initial content of FV, which is in good agreement with the surface morphologies observed in Figure 3 and the larger pop-in length presented in Figure 4.




5. Conclusions


In summary, the effect of annealing on the SRS of metallic glass was examined based on a series of nanoindentations. A positive dependence of hardness on the strain rate is observed and the SRS index has a monotonous increase with a decrease in the content of FV in the BMGs. Furthermore, the SRS becomes nearly constant when the FV is annealed out. Based on a constitutive model, which incorporates the interaction of FV dynamics and shear transformations, the positive SRS is ascribed to the delay in the activation of STZs at higher strain rates. The isothermal annealing below glass transition temperature reduces the free volume content in the BMG samples, which results in a reduction in the potential sites for the nucleation of the STZs. The more severe lack of nucleation sites, together with the shorter time for the activation, result in a more significant delay in the activation of STZs at higher strain rates, which finally gives rise to a more positive SRS.
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Figure 1. High-resolution transmission electron microscopy images and the corresponding selected area electron diffraction patterns of Vit105 samples (a) as-cast and (b) 650 K–30 min annealed. 
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Figure 2. Differential scanning calorimetry curves of all the samples, the inset shows the different exothermic signals before the glass transition. 






Figure 2. Differential scanning calorimetry curves of all the samples, the inset shows the different exothermic signals before the glass transition.



[image: Metals 10 01063 g002]







[image: Metals 10 01063 g003 550] 





Figure 3. Representative P-h curves under different equivalent strain rates but a fixed peak load of 300 mN for (a) as-cast and (b) 650 K–30 min annealed, the insets show the SEM micrographs of nanoindentation tested at the equivalent strain rate of 0.017 s−1. 
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Figure 4. The variation of pop-in lengths with strain rates for various structural states. 
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Figure 5. Variation of hardness with equivalent strain rate in different structural states of Vit 105. 
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Figure 6. Dependence of hardness on equivalent strain rate in 650 K–24 h annealed sample, the insert presents the representative load–displacement responses under four strain rates. 
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Figure 7. The relationship between    σ /   σ 0      and    ε /   ε 0      at a fixed temperature of 298 K and an initial system (   ∆ 0  = 0  ,    Λ 0  = 0.5  ,    ξ 0  = 0.05   and    D  i a   = 0.01  ) under different strain rates. 
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Table 1. The annealing parameters of the samples used in this work.
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	Sample ID
	a
	b
	c
	d
	e
	f





	Annealing temperature (K)
	cast
	550
	600
	650
	650
	650



	Annealing time (min)
	0
	30
	30
	30
	120
	1440
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