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Abstract 
During superplastic deformation of microduplex-structured brasses, the strain is primarily localized in the β-phase where deformation occurs by grain boundary sliding (GBS) and dislocation slip/creep mechanisms. Dynamic recrystallization and twinning were observed in the b.c.c. β-phase leading to a transformation of the initial coarse β-phase grains with average sizes of ~4-5 µm to ultrafine grains with sizes below 1 µm. Alloying with Al refined the β-grains, improved the superplastic behavior and reduced the occurrence of residual cavitation.
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Two-phase brasses are classic microduplex-structured materials which exhibit superplastic behavior [1][2] [3][4]. The superplastic deformation of alloys with duplex-type structures is fundamentally complicated because insufficient data are at present available documenting the microstructural changes that occur in each phase during superplastic flow. Brasses consist of f.c.c. α and b.c.c. β phases having similar values of staking fault energies but different crystalline structures leading to differences in the ductilities and diffusivities of the two phases [5][6]. For this reason, the hot deformation behavior of the α and β phases are different and the overall deformation process may be controlled by the deformation of the ductile and highly diffusive β phase. 
Knowledge about the superplastic deformation mechanisms of brasses are limited by a clear understanding that grain boundary sliding (GBS) is dominant in superplastic flow [7][8]. Experiments showed that the sliding rate for α/β interfaces is about 1.5 times slower than for α/α boundaries and about 2.5 times slower than β/β boundaries [9]. From this research it was concluded that increasing the β-phase fraction leads to an improvement in the superplasticity due to the well-developed GBS and the occurrence of only limited residual cavitation. The importance of the β-phase fraction as a cavitation controlling parameter was confirmed in several reports [1][10] [11]. Since it is more ductile and diffusive than the f.c.c. α-phase, the b.c.c. β-phase should stimulate the accommodation of GBS by dislocation slip/creep and/or diffusional creep mechanisms. This is consistent with the fact that the β-phase b.c.c. lattice has multiple dislocation slip systems and high diffusivity and thereby improves the occurrence of dislocation creep mechanisms. Additionally, in α/β brass the deformation occurs at a higher homologous temperature for the β phase and this suggests a higher diffusivity. However, only limited experimental evidence is at present available to provide a comprehensive understanding of the precise roles of the different phases. 
Several studies emphasize the importance that alloying by Al improves superplasticity and decreases the residual cavitation of brasses [12][13][14]. Thus, small additions of Al (~0.5-1%) insignificantly influences the grain and phase structure but Al alloying decreases the residual cavitation and leads to higher elongations-to-failure by about two times compared with the binary alloy [12]. In practice, the volume fraction of residual cavities is of the order of ~5% and ~0.5% for binary and Al-bearing alloys, respectively [12]. Although the precise nature of this Al effect is not yet understood, it is reasonable to anticipate that the presence of Al influences the occurrence of GBS and the phase diffusivities [14][15].
The present research was undertaken to clarify both the role of the α and β phases in the superplastic deformation behavior and the influence of Al on the superplasticity of these brasses. The focused ion beam (FIB) technique has been used in experiments for the production of regular surface grid markers that may contribute to the overall understanding of the superplastic deformation mechanisms in Al [16][17][18][19], Ti [20] and Fe [21] based alloys. A similar approach was used in this research to study the strain-induced evolutions of FIB-grids in cooperation with corresponding strain-induced changes of the dislocation structures in a Cu–40Zn α+β brass and in a Cu–38Zn-1Al (wt%) α+β brass. 
Microstructural analysis was performed using a TESCAN Vega 3 LMN scanning electron microscope (SEM) and a JEOL-JEM 2100 transmission electron microscope (TEM). Specimens for microstructural SEM examination were prepared by mechanical grinding on SiC papers and polishing using a Struers LaboPol 5 machine. Samples for TEM study were prepared by ion-milling using a STRATA-FIB-205 FEI200 focused ion beam (FIB) microscope. This microscope was also used to produce the grids. Samples were pre-strained to a logarithmic strain of 0.69 at a temperature of 550°C under a constant strain rate of 
1.0 × 10-3 s-1 and subsequently ground and polished.  FIB grids with a size of 40 × 40 μm, a step of 2.5 μm and a depth of 0.2 μm and microgrids with a step of 0.5 μm and a depth of 0.1 μm were milled on the pre-polished gauges of the samples. Mechanical tensile tests were performed using a Walter Bai LFM 100 tensile machine in an argon atmosphere at a temperature of 550°C under a strain rate of 1.0 × 10-3 s-1.  These conditions were considered optimal [12] and provided an α/β ratio close to 50/50, a maximum elongation-to-failure and a strain rate sensitivity, m, of ~0.5-0.6 for both alloys. Before testing, the mean grain sizes of the binary alloy were ~7.6 ± 0.7 µm for the α-phase and ~5.1±0.8 µm for the β-phase. For the Al-bearing alloy, the initial mean grain size was ~5.9 ± 0.7 µm for the α-phase and ~3.8±0.6 µm for the β-phase [12]. The volume fractions of the β-phase at 550°C were ~0.46±0.07 and ~0.50±0.06 for the Cu-Zn and Cu-Zn-Al brass, respectively. It is important to note that the α/β phase ratio remained unchanged during the deformation. 
[bookmark: _Toc509223170][bookmark: _Toc509493895]The strain-induced microstructural changes occurring on the sample surfaces during superplastic deformation are shown in detail in Fig. 1. Thus, a grain neighbor switching led to shifts of the grid lines (blue-colored dashes lines in Fig. 1) and α-grain rotations (green-colored arrows in Fig.1) were observed in both alloys. The maximum grain rotation angle was 35° with an increase in strain from 0.69 to 0.97-1.07. An intergranular strain was developed at α/β but rarely at the α/α grain boundaries (see blue-colored arrows in Fig.1). The intragranular strain for the α-phase grains was insignificant but several local areas demonstrated evidence of strain localization (see evolution of grains A in Figs.1 a-c, B and C in Fig.1d-f). 
Many large cavities were developed on the surface of the binary brass (in areas marked with white arrows in Figs. 1b,c) in which cavitation clearly accompanied GBS. Generally, this cavitation was insignificant for the Al-bearing brass (Figs. 1e,f). Thus, an Al effect on cavitation weakening during superplastic deformation of brasses is in agreement with the studies of sample volumes reported earlier [12][15]. The difference in cavitation was mainly related to differences in the deformation behavior of the β-phase for these alloys. Thermal etching and oxidation effects were significant in the β-phase of the Al-free binary brass and its surface with fine grid lines became partially evaporated. The remaining β-phase demonstrated less significant strain localization than that of the Al-bearing brass (Fig.1). Owing to strain localization, the β-phase surface in the Al-bearing brass was strongly folded and the grid lines were partially distorted at a strain of 0.18 and primarily disappeared at a strain of 0.39. In both alloys, curvatures of the grid lines in the β-phase areas and grain rotations (red arrows and lines in Fig.1) indicated that intergranular deformation by GBS also occurred at β/β grain boundaries. To understand the strain-induced microstructural evolution for the β-phase, FIB-milled trenches (positions indicated with lines in Figs. 2a,c) were processed for the deformed samples. 
The subsurface structure in the trenches showed a channeling contrast between grains of the - and β-phases (Figs.2b,d,e). Specifically, coarse grains were found in the β-phase areas for the binary brass whereas many fine grains were found in the β-phase area for the Al-bearing brass (Figs.2b,d,e). 
A TEM study provided a detailed understanding of the microstructural evolution during the superplastic deformation. The Cu-Zn and Cu-Zn-Al alloys exhibited similar microstructures before the beginning of the superplastic deformation (Figs.3a,b) with both phases almost free of dislocations and with typical coarse-grained α and β phase selected area electron diffraction (SAEAD} patterns. Coarse twins with typical lengths of ~1 to 5 µm and thicknesses of ~100-400 nm were observed only in the α-phase. 
The dislocation density was low and only several dislocation walls were visible in the α-phase after straining to 1.0 in both alloys (Figs.4a,c). The weak strain-induced changes for the dislocation structures are consistent with insignificant intragranular strains on the surfaces of the α-phase. It appears, therefore, that a dislocation slip/creep mechanism accommodates GBS in the α-phase. The α-grains also became coarse and exhibited the same diffraction pattern as in the initial stage before the onset of deformation. 
By contrast, the strain-induced changes in the β-phase were significant. Many grain boundaries and nanoscale twins were formed in the β-phase after deformation (Fig. 4) and there was a ring-type diffraction from the b.c.c. phase due to the formation of many grains in the studied area of 1 µm after superplastic deformation. Thus, the grain size of the β-phase decreased after straining from an initial value of ~4-5 µm to an ultrafine-grained state <1 µm in both alloys. An important difference was found also between the β-phase grain sizes in the Cu-Zn and Cu-Zn-Al alloys. Thus, the β-phase grain size ranged from ~300-800 nm in the binary alloy while grain sizes of ~100-400 nm were observed in the Al-bearing alloy (Fig.  4b). The widths of the nanocsale twins (denoted by arrows in Fig. 4) varied in the range from several nanometers to tens of nanometers. There are also other reports of similar fine twins formed during severe plastic deformation of brasses [22][23].
The β-phase structure remained unchanged and consisted of dislocation-free coarse grains within the grip parts of the tensile samples. Twins in the β-phase and the grain refinement effect were thus induced by superplastic deformation and this was attributed to the advent of dynamic/post-dynamic recrystallization [24][25][26][27]. Therefore, this study firstly and clearly confirms evidence for dynamic recrystallization (DRX) and twinning in the b.c.c. β-phase during the superplastic deformation of brasses.
Dynamic recrystallization in the β-phase is a principal process that significantly influences the superplastic deformation behavior of brasses. The difference between the β-phase grain size of the two alloys clearly explains the difference in their behavior during superplastic deformation. Thus, it is clear that there is improved superplasticity of in Al-bearing brass and the inherent low cavitation is a direct consequence of grain refinement in the β-phase during straining. The Al is predominantly a solute in the β-phase and the increased solute content provides uniform deformation with finer DRX grains for the β-phase during the superplastic deformation. Furthermore, it is established that high solute alloys usually demonstrate a weaker dynamic grain growth effect [16]. Thus, the finer grains of the β-phase simplify the GBS on the β/β grain boundaries this decreases the residual cavitation and increases the elongation for the Al-bearing brass. 
In summary, grain boundary sliding on /β and / boundaries contribute about 70 and 40%, respectively, for binary brass and Al-bearing brass, respectively. The 70% and 40% need to be included in the text. Significant cavitation was developed in the binary brass but this was not observed for the Al-bearing brass. The α-phase grains demonstrated low intragranular strain and limited dislocation activity for both alloys. Strain was localized in the β-phase this demonstrated both GBS and intragranular deformation accompanied by DRX. Localized deformation in the β-phase provided about 20% of the total strain for binary brass and about 40% of the total strain for Al-bearing brass. You need to include this information in the text. Due to DRX, ultrafine β-phase grains with nanoscale twins were formed. The β-phase grain size was in the range of ~300-800 nm for binary brass and ~100-400 nm for the Al-bearing brass. Thus, the finer β-phase grain structure leads to a lower residual cavitation and improved superplasticity for the Al-bearing brass.
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