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Abstract

:

Zamak 3 alloy treatment by sliding-friction treatment (SFT) was investigated by nanoindentation to explore the influence of microstructure and strain rate on nanoscale deformation at room temperature. The results show that obvious material softening occurs in the ultrafine-grained (UFG) Zn alloy and strain-hardening happens in the twinning-deformed layer, respectively. It can be concluded that almost constant values of V in the UFG Zn alloy contribute to the dislocations moving along the grain boundary (GB) not cross the grain interior. In the twinning-deformed layer, the highly frequent dislocation–twinning boundary (TB) interactions are responsible for subsequent inverse Cottrell–Stokes at lower stress, which is quite different from dislocation–dislocation reaction inside the grain in their coarse-grained (CG) counterpart.
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1. Introduction


Grain size (d) refinement is a well-known strengthening mechanism for improving the mechanical properties of metallic materials [1,2,3,4,5,6,7]. In particular, materials with ultrafine/nano grain size often possess a higher strength compared with their coarse-grained (CG) counterparts. Nevertheless, some researchers have reported that grain refinement produced by severe plastic deformation (SPD) would give rise to the material softening in some metals after serious work hardening [8,9]. This means that traditional grain refinement strengthening mechanism such as grain boundaries (GBs) act as strong barriers to dislocation slipping would be in failure in these materials. Some other deformation modes would dominate the plastic strain, which need to be further understood.



Currently, there exists some distinct statements explaining the softening phenomena in these refined materials. For example, Mazilkin et al. have found the pronounced softening in the binary Al–Zn alloys produced by the SPD, due to the almost full decomposition of the supersaturated solid solution [9]. Choi et al. reported the decreased hardness in the Zn–22Al after high-pressure torsion (HPT), causing by the different contributions of GBs to the plastic deformation on the different interfaces [10]. Feldner et al. have observed a weaken hardness tendency in the Zn–20Al alloy after grain refinement, attributing to the superplasticity occurred in the local deformation [11]. To explore this issue, more studies are necessary to explore its underlying deformation mechanisms and here we chosen the Zamak 3 alloy, which is located in the eutectic composition of the binary Zn–Al alloy system. Two reasons for selecting this material: one is that the grain in these alloys is readily refined to the submicrometer or nanometer via SPD, the other is that softening can occur easily in the Zn–Al alloy.



For the Zn alloys, the relatively low inherent melting temperature provides a high driving force for dynamic recovery during its plastic deformation, which prevents the dislocation density from increasing and causes a lower rate of dislocation accumulation [12]. This means that conventional transmission electron microscopy (TEM) observation of the deformed materials can hardly capture available microstructures evolution related with deformation mechanisms. To date, there have been few efforts to monitor the variation of kinetic and thermodynamic characteristics such as activation volume (V) in the Zn alloys, which have been widely used to uncover the deformation mechanisms of metals. Our recent studies have plotted the curves of continuous variation V versus stress in the nanoindentation creep, to explore more detailed deformation mechanisms such as dislocation slip, the variation length of dislocation segment and dislocation pinning/depinning in the plasticity of the nanocrystalline metals [13]. Therefore, analysis on the continuous variation V versus stress of the nanoindentation tests is an excellent method to explore the deformation processes from the initial unstable to final steady creep behavior in the Zn alloys.



The objective of this study was first, to provide the detailed information on the microstructure evolution of Zn alloy after processing by sliding-friction treatment (SFT), then to evaluate the influence of these different microstructures on the hardness and nanoindentation creep behaviors at room temperature, and finally to understand the occurrence of softening and deformation mechanisms of creep behaviors.




2. Experimental Procedures


Commercial alloy Zamak 3 is chosen to characterize the detailed chemical compositions by the scanning electron microscopy (SEM, Zeiss 500, Oberkochen, Germany) with linked energy dispersive spectrometers (EDS) analysis. Zamak 3 is a chemical composition of Zn–4.1Al–0.028Mg–0.003Cu (wt.%). Before the SFT, the plates were annealed in vacuum (0.1 Pa) at 350 °C for 12 h and cooled down to room temperature in furnace, in order to obtain homogeneous microstructure in the coarse grains. Then, a plate with a size of 100 mm × 200 mm × 3 mm were processed by the SFT under liquid nitrogen and the procedures were similar to those used for producing gradient nanostructure materials in our previous reports [14,15]. To remove residual stresses within the deformed samples, the as-received samples were annealed at temperature of 40 °C for 7 days in a furnace with flowing argon atmosphere. Sulfate and sodium chromate are used to produce corrosive Zn alloy samples. The corrosive Zn alloy sample was firstly characterized by the optical microscope (OM, Leica MPS 30, Wetzlar, Germany) and laser confocal microscopy (LCM, OLS4500, Olympus, Tokyo, Japan) and then the microstructures of the SFTed Zn–Al alloy were investigated by TEM (FEI Tecnai F30, Hillsboro, OR, USA) with an accelerating voltage of 200 keV. The cross-sectional slices cutting from the deformed samples (7 mm × 4 mm × 1 mm) were thinned down to ~25 μm by mechanical grinding using the SiC papers. Two sheets posed surface to surface were bonded onto a copper ring using glue and finally were cut, polished and dimpled by argon-ion milling (EMRES101, Leica, Wetzlar, Germany) at 5 kV. The detailed of the TEM samples preparation procedures can be seen in the ref. [16].



Nanoindentation specimens were ground with a series of SiC sandpaper and then polished with colloidal silica slurry. Commercial nanoindenter (KLA G200, Milpitas, CA, USA) equipped with a Berkovich diamond indenter used to conduct the nanoindentation creep behaviors at room temperature. Calibration for machine stiffness and tip contact area were performed on the standard fused silica. Elastic modulus (E) and hardness (H) as a function of indenter displacement are derived from the continuous stiffness measurement (CSM) mode with a harmonic amplitude of 2 nm and a frequency of 45 Hz. Nanoindentation creep tests were performed via loading strain rate (     ε ˙  L    ) from 0.004/s to 0.4/s to depth of 2000 nm with a holding time of 500 s at the maximum load. The indenter was unloaded to 10% of the maximum load and held for 200 s for thermal drift correction to obtain the actual thermal drift rate and then used to correct the total measured displacement. Besides that, the thermal drift rate was limited below 0.02 nm/s prior to testing and a minimum of 10 indentation tests were repeated in each condition.




3. Results


3.1. Microstructural Observation


Figure 1 gives the OM image of cross profile in the deformed sample after SFT. The material can be simple divided into three different regions: top region, middle region and matrix. Top and middle regions are seriously deformed areas, which is in the depth of ~0–40 μm and ~40–500 μm. Clearly, the d is evidently refined to smaller size as the deformed strain is larger nearby the treated surface compared with that in the matrix. Besides that, it can be found that many lamellas are produced in the middle region, which are probably twinning structures.



Figure 2a,b give SEM micrograph of the top region in the SFT sample (a) and the corresponding EDS analysis results (b). In the Figure 2a, the region away from the top ~40-μm-thickness has many dark gray structures with size 10~20 µm distributing uniformly in the matrix and they are obviously elongated as these structures are close to the top surface. Figure 2b supplies the corresponding component alloying elements at three different regions. Regions 1–2 and region 3 are the areas from the dark gray structures and alloy matrix, respectively. The corresponding atom percentage of Zn and Al are ~43 and ~57 at.% and ~93.60 and ~5.50 at.%. Therefore, the dark gray structures can be called as eutectic phase.



To obtain more information of eutectic phase distribution, Figure 3a,b give SEM and LCM cross sectional images. The right inset in Figure 3b provides the amplifying graph taken at the treated surface, which can be found that the eutectic phase is broken into small particles on the top surface. Figure 3c shows the further amplifying graph of the eutectic phase, which are agglomerates of Zn-rich (the white) and Al-rich (the black) grains. Additionally, careful microstructural observation provides direct evidence for the existence of ultrafine Al grains (several nanometers) in the Zn matrix as shown in Figure 3d.



Figure 4a,b shows the bright and dark-field TEM images on the top surface that many dark particles with size of several nanometers are embedded dispersedly in the Zn matrix. The microstructure of this sample consists of the mostly equiaxed grains (extremely tiny particles are not considered) with a narrow size distribution and the average d of Zn is ~1 µm according to the statistical results. To confirm the phase in the different regions, our previous studies have provided the corresponding selected area diffraction patterns (SADP) of larger grain Zn and the tiny particle Al [17].



As describe before, many lamellas are produced in the middle region. To confirm the structures, we chosen some regions in the matrix containing this lamella from the corrosion sample in Figure 4c and explore the microstructures in Figure 4d. The SADP in Figure 4e indicates that the twin system is    { 10  1 ¯  2 } < 10  1 ¯  1 >    in the Zn. Hence, the above three regions can be defined as ultrafine grain (UFG) (top) region, CG+twinning (middle) region and CG region.




3.2. Hardness Evolution through SFT


Figure 5a,b reveal the micro- and nano- hardness measurement of the cross profile in the different regions on the SFT-treated Zn alloy. Figure 5a shows the microhardness as a function of the distance from the center of as-annealed and SFT samples. It can be seen that the most of the regions in the SFT-treated Zn alloy become harder compared with that in the as-annealed sample. The H reaches the maximum value in the middle region and becomes softening on the deformed surface after severe deformation. To compare with the mechanical properties of eutectic phase, all the nano-hardnesses are measured at indentation depth of 500 nm. Figure 5c gives the continuous E and H of original Zn and eutectic phase at depth of 500 nm using CSM mode. As the indenting depth is larger than 300 nm, both of the E are 85 Gpa and the H are 0.85 and 0.65 GPa, respectively. Figure 5d exhibits the corresponding E values in Figure 5b that all the values are almost 85 GPa, which illustrates the measured H is reliable. The variation tendencies of the nanohardness in the as-annealed and SFT samples are similar with the microhardness and both of them exhibit “M”-shaped hardness curves. Interestingly, it can be found that the hardness of the eutectic phase is apparently larger than the hardness obtained on the surface. The volume percentage of Al phases is statistically calculated to be 4.85% in the surface layer, which is obviously less than that in the eutectic phase. Thus, it can be concluded that the material softening cannot be attribute to the distribution of Al phase in the top layer.




3.3. Nanoindentation Creep Behavior


Figure 6a–f presents the typical P-h curves of the above three regions in the Zn alloy, obtained at      ε ˙  L     of 0.004/s to 0.4/s the indentation depth of 2000 nm with holding time of 500 s at maximum load. The load plateau/creep behavior becomes smaller as the regions are far away the surface and the load acquired at given depth increases rapidly with increasing      ε ˙  L    . In the loading regime, the load at given      ε ˙  L     is apparently smallest, medium and largest in the UFG/CG/CG+twinning Zn alloy, respectively. In the holding regime, the creep strain rate and stress can be obtained by the following equations [18,19]


     ε ˙  H  = ( d h / d t ) / h )   



(1)






    σ H  = P  / 3   A c    



(2)






    A c  =  C 0   h c 2  +  C 1   h c   +  C 2   h c  1 / 2   +  C 3   h c  1 / 4     



(3)







Where      ε ˙  H     and     σ H     are the creep strain rate and creep stress, respectively.     A c     is the contact area,     h c  = h − ε P / S    is the contact depth,     C 0  = 24.32   ,     C 1  = 2152.7   ,     C 2  = 2713.6    and     C 3  = − 7724.7    were measured by the area function calibration procedure and    ε = 0.75    is a constant for Berkovich indenter and   S   is the stiffness [20]. The dates of S-h curves in the holding regime can be measured in advance by the CSM mode and the corresponding details can be seen in the ref. [13]. Figure 7a–c gives the    ln   ε ˙  H  − ln  σ H     curves of UFG/CG+twinning/CG Zn alloy and the stress exponent (n) value of the final steady-state creep can be deduced by the equation of    n =     d ln   ε ˙  H   /  d ln σ    H    . Table 1 summarizes the n of these three materials obtained at three different regions. Clearly, the value of n is apparently smallest, medium and largest in the UFG/CG+twinning/CG Zn alloy, respectively. At      ε ˙  L     of 0.004/s to 0.4/s, n in the UFG Zn alloy are 3.71, 3.93 and 4.03, which are apparently smaller than the values in the 5.08, 6.66 and 7.15 in the CG+twinning Zn alloy and 8.66, 10.97 and 12.88 in the CG Zn alloy.



Based on      ε ˙  H  −  σ H     data, Figure 8 gives the corresponding continuous activation volume-stress (   V −  σ H    ) curves of UFG/CG+twinning/CG Zn alloy during holding time and   V   can be expressed as [2]


   V =  3  k T ( ∂ ln   ε ˙  H  / ∂  σ H  )   



(4)




where    k = 1.38 ×   10   − 23   J / K    is the Boltzmann constant,    Τ = 298 K    is the absolute temperature. The values of V increases as d and/or      ε ˙  L     become larger. As     σ H     decreases, in the UFG Zn alloy all the V exhibit almost constant values, while in the CG Zn alloy they show first, increased and then decreased vaulted curves. For the CG+twinning Zn alloy, the V presents a little increase and then decreases constantly at higher      ε ˙  L    . While at lower      ε ˙  L    , the V decreases constantly.





4. Discussion


There are two experimental evidences that support the materials softening: one is inverse Hall–Petch effect and the other is superplasticity. The former often occurs in the nanocrystalline materials as d is below a critical value (usually several nanometers). For example, Conrad and coworkers have concluded that grain boundary (GB) shear mechanism have been proposed for the observed softening or “inverse Hall–Petch effect” in the Zn when d ≤ 7.6 nm [21]. Evidently, the UFG Zn alloy in this study does not satisfy this condition. Hence, superplastic behavior is spontaneously used to explain this material softening. Generally, there are two fundamental requirements for superplasticity. First, the d must be very smaller than ∼10 μm. Second, the testing temperature must be within the diffusion-controlled process whereas those fine-grained materials should deform at relatively higher temperature at ∼0.4–0.5 Tm, where Tm is the absolute melting temperature. Since SFT-treated surface region has d of ~1 µm and testing temperature is at room temperature which corresponds to ~0.44 Tm of Zn alloys [10,22], the top region with finer grains are more likely to be ruled by superplastic deformation leading to materials softening.



Due to the lower melting point and stacking fault energy of Zn alloys, the high density of defects such as point defects, dislocations, GBs and their reaction products provides a high driving force for dynamic recovery, which tends to promote subsequent recrystallization [12]. Additionally, dislocations in the Zn need to travel a very short distance of the order of 1 μm and would be lost at nearby GBs during unloading [23]. Therefore, it can be expected that the traditional TEM observation hardly capture available deformed structure information. Figure 9a,b give two typical bright-field images of top layer after SFT treated and it can be seen that their grain is extremely clear. Nevertheless, some studies have found that the presence of second-phase in the Zn–Al alloy can provide effective barriers to the movement of dislocation [23]. To date, there are two principles of models for dislocation sliding in the superplasticity (Figure 10). One is the model that dislocations move along the GB (Figure 10a) and the other is the dislocations are produced and move inside the grain (Figure 10b). For example, T.G. Langdon et al. provide one principle of the GB sliding in the superplastic materials: dislocations move along the GB and pileup at the triple junction and then climb into the adjacent GB following the previous steps [24]. Even so, some authors have described that dislocation sweep across the grain interior and then climb along the GB [23,25]. Apparently, such a contradiction between these two views needs more understanding.



Because of extremely low Al content in the Zamak 3, few residual dislocations can be found in the grain interior during our subsequent TEM detection. Using indicators of the thermally activated plastic deformation such as   n   and V could be a reasonable method to analysis the underlying deformation mechanisms in the Zn alloy. Noted that although Zn alloy exists appreciable quality of the eutectoid phase, these refined dispersion particles in the SFT-treated surface do not effect on the mechanical properties in the superplastic region. This result can be proven by the hardness measurement in the nanoindentation testing, which is also demonstrated by Xun’s reports [23]. Hence, our analysis on this Zn alloy do not consider the influence of Al-related phase on the plastic deformation in the next discussion.



The deformation mechanism of the steady-state creep in these three regions can be roughly distinguished by evaluating the n. Xun et al. [23] have described that as the n is larger than 3, the apparent activation energy is higher than that for GB diffusion. As the n is 1.5–2.5, the apparent activation energy is close to that for GB diffusion. All the n values in these three regions obviously larger than 3 have suggested that the dislocation movement mechanism is one of the deformation mechanism in the steady-state creep behaviors. It can be found that the n decreases as the d become smaller, suggesting that more GB activities participate in their creep behaviors. Based on the different microstructures in these three materials, it can be predicted that in the UFG Zn alloys GB activities accommodated by dislocation motion rule the plastic deformation. In the CG+twinning Zn alloy, dislocations interacting with twinning boundaries would dominate the plasticity, while in the CG Zn–Al alloy intragranular dislocation motion involved few low-angle GBs would be the main deformation mode.



To analyze creep behaviors in more detail, continuous variation of V as function of the flow stress is used to assess the average volume of dislocation structure involved in the deformation. The results of V in these three materials exhibit three entirely different tendencies. Unlike the variation of V in our previous Mg alloy [5], their descent velocities and declining quantities do not exhibit continuous decrement as the d or as      ε ˙  L     changes, illustrating that these materials probably have some special deformation mechanisms. According to the work of Becker [26,27,28], V can be written as    V = b × ξ × l   , where   ξ   is the distance swept out by the mobile dislocation during an activation event, which can be considered as a constant of   b   [28,29] and   l   is the length of dislocation segment or the distance between two pinning sites on GBs. Hence, V can also be expressed as    V    =    l  b 2    , that is closely related with the dislocation spacing and therefore to the flow stress, which could facilitate us to understand the amount of matters involved in the thermally activated events of the deformation process.



For the extremely smaller d (several nanometers), one can expect that the dislocation velocity is dominated by the emission time not flight time. Since dislocation emission involves local atomic rearrangements in the areas of high-angle GBs, GB activities either their ability to emit dislocations or their ability to undergo GB sliding must influence the deformation process [13]. In this case, the probability to find a dislocation inside the grain is very small and the dislocation density does not vary with the shear stress [30], which results in V to be some constant values. This result indicates that even GB activities controls the plasticity, the generated highly unstable perfect/partial dislocations would likely choose to slide around the GBs to accommodate the intergranular plasticity, not slip across the grain interior. For the UFG metals, a larger number of GB mediated deformation would be effectively activated under the conditions of high temperature and/or low applied stress, which could also induce a constant value of V. Duhamel et al. [30] have already observed that V would be ~17b3 in the UFG Cu as its deformation under the above condition. For the UFG Zn alloy, two fundamental requirements for superplasticity are well satisfied which indicate that GB-related activities dominate the plastic behavior. Our results have shown that all the V exhibit a slightly decrement that can be treated as a constant value, which implies that dislocations probably move along the GB not crossing the grain interior. As expected, the interactions between dislocation and high-angle GBs restricted around the GB promote the process of generation and recovery of dislocations or other defects, which contribute to the final superplastic strain.



For the larger d such as CG+twinning Zn alloy, the time of a dislocation across the grain interior is much larger than that of this dislocation nucleation and dislocations slide inside the grains would dominate the plastic flow. As the holding time goes on, the pre-existing twinning boundaries (TBs) inside the large grains of CG+twinning Zn alloy would hinder the further dislocation motion. The highly frequent dislocation–TB interactions make the depinning sites on GBs become harder and L would be smaller [13], inducing V decreases with deceasing     σ H     (inverse Cottrell–Stokes). Duhamel et al. [30] have used a model to predict a transition from the inverse Cottrell–Stokes to a Cottrell–Stokes behavior would occur in the    V −  σ H     curves at relatively larger strain rate. Because of preferentially initiated dislocation–TB interaction at lower stress in the CG+twinning Zn alloy, it can only observe the inverse Cottrell–Stokes behavior at lower      ε ˙  L    .



For the CG Zn alloy, due to few slip systems in the hexagonal close-packed (HCP) metals, deformation twinning usually plays a more important role than dislocation slipping in its plastic flow. As to the Zn with c/a of 1.856 (larger than 1.63), twinning    { 10  1 ¯  2 } < 10  1 ¯  1 >    tends to be effectively formed under compressive plasticity because deformation twinning requires a lower applied stress compared with that for slip deformation [31]. Unlike Mg alloys, no obvious pop-in effect in the loading curves can be found to verify this deformation mode, which is probably ascribed to strong dynamic recovery in the deformation process. Li et al. have found that as the compressive strain increasing to 16%, deformation twinning and slip bands on the basal system are the main plastic deformation mechanisms in the pure Zn [31]. For the nanoindentation tests, the Berkovich indenter would produce a characteristic strain of ~8% that means the main deformation mechanisms in our CG Zn alloy are basically similar with the above ones [32]. In the incipient creep behavior, the generated dislocations in the {1012} twins or basal plane have not yet formed complex defect structures that would facilitate dislocations move forward [5]. Therefore, dislocations can move easily inside the grains and the corresponding V follows Cottrell–Stokes law [30]: V is inversely proportional to     σ H    . As the creep behavior goes on, the formed dislocation networks/cell/wall/arrays inside the grains make its strain hardening ability become saturated, that would make dislocations move harder, leading to the inverse Cottrell–Stokes.




5. Conclusions


Nanoindentation tests of the refined Zn alloy were investigated on three different deformed regions at room temperature: UFG/CG+twinning/CG Zn alloy. One interesting phenomena can be found that the UFG Zn alloy on the top surface exhibits materials softening compared with other regions. Analysis on the continuous V versus stress during the nanoindentation creep in these three materials, two main conclusions can be obtained:




	
For UFG Zn alloy, the almost constant values of V in the UFG Zn implies that its superplasticity is ruled by the dislocations moving along the GB not crossing the grain interior;



	
For the CG+twinning/CG Zn alloy, the highly frequent dislocation–TB and dislocation–dislocation interactions intergranular are responsible for subsequent inverse Cottrell–Stokes at lower stress, respectively.
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Figure 1. Optical micrograph (OM) image of the cross sectional in the sliding-friction treatment (SFT)-treated Zn alloy. 
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Figure 2. SEM micrograph of the top region in the SFT sample (a) and EDS analysis results (b). 
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Figure 3. SEM (a) and laser confocal microscopy (LCM) (b) of the cross profile micrographs in the SFT samples. Magnified images of the eutectic phase (c) and the interior of Zn grain (d). 
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Figure 4. (a) Bright and (b) dark field images of top layer; (c) microstructures of OM and (d) TEM micrographs of bottom layer, (e) the selected area diffraction patterns at twinning in the selected area of (d). 
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Figure 5. (a) Micro- and (b) nano-hardness distribution of the cross sectional in the Zn alloy before and after SFT-treatment; (c) continuous E and H of original Zn and eutectic phase at depth of 500 nm using CSM mode. The corresponding E values (d) in the (b). 
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Figure 6. (a,c,e) Load–displacement and (b,d,f) creep displacement–time curves obtained at loading strain rate of 0.4, 0.04 and 0.004/s with holding time of 500 s in the UFG/CG+twinning/CG Zn alloy. 
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Figure 7.    ln   ε ˙  H  − ln  σ H     curves obtained at loading strain rate of 0.4/s (a), 0.04/s (b) and 0.004/s (c) with holding time of 500 s in the UFG/CG+twinning/CG Zn alloy. 
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Figure 8.    V −  σ H     curves of UFG/CG+twinning/CG Zn alloys during holding time. 
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Figure 9. (a,b) Two typical bright field images of top layer after serious deformation. 
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Figure 10. Principles of two models for dislocation sliding in superplasticity: (a) Dislocations move along the grain boundary; (b) dislocations are produced and move in the blocking grain. Arrows in the graphs presents the grain boundaries (GBs) actives. 
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Table 1. Creep stress exponent (n) of UFG/CG+twinning/CG Zn alloy at      ε ˙  L     of 0.4/s, 0.04/s and 0.004/s.






Table 1. Creep stress exponent (n) of UFG/CG+twinning/CG Zn alloy at      ε ˙  L     of 0.4/s, 0.04/s and 0.004/s.





	Materials
	n (0.004/s)
	n (0.04/s)
	n (0.4/s)





	UFG Zn alloy
	3.71
	3.93
	4.03



	CG+twinning Zn alloy
	5.08
	6.66
	7.15



	CG Zn alloy
	8.66
	10.97
	12.88
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