


[bookmark: _Hlk66173902]Research Article
Enhancing strength-ductility synergy in a Mg-Gd-Y-Zr alloy at sub-zero temperatures via high dislocation density and shearable precipitates 
Xixi Qia, Yangxin Lia,*, Xinyu Xub, Yuxuan Liub, Huan Zhanga, Qingchun Zhua, Gaoming Zhua, Jingya Wanga, Mingxin Huangb,*, Xiaoqin Zenga,*
aNational Engineering Research Center of Light Alloy Net Forming and State Key Laboratory of Metal Matrix Composite, Shanghai Jiao Tong University, Shanghai 200240, China
bDepartment of Mechanical Engineering, The University of Hong Kong, Hong Kong 999077, China
*Corresponding authors.
E-mail addresses: astatium@sjtu.edu.cn (Y.X. Li), mxhuang@hku.hk (M.X. Huang), xqzeng@sjtu.edu.cn (X.Q. Zeng)
Abstract
[bookmark: _Hlk101564119][bookmark: _Hlk101564197][bookmark: _Hlk101562697][bookmark: _Hlk101565043]The strength-ductility trade-off dilemma is hard to be evaded in high-strength Mg alloys at sub-zero temperatures, especially in the Mg alloys containing a high volume fraction of precipitates. In this paper, we report an enhanced strength-ductility synergy at sub-zero temperatures in an aged Mg-7.37Gd-3.1Y-0.27Zr alloy. The tensile stress-strain curves at room temperature (RT), -70 °C and -196 °C show that the strength increases monotonically with decreasing temperature, but the elongation increases first from RT to -70 °C then declines from -70 °C to -196 °C. After systematic investigation of the microstructure evolutions at different deformation temperatures via synchrotron X-ray diffraction, electron backscattered diffraction (EBSD) and transmission electron microscopy (TEM), it is found that a high dislocation density with sufficient <c+a> dislocations promotes good tensile ductility at -70 °C, which is attributed to the minimized critical resolved shear stress (CRSS) ratio of non-basal <c+a> to basal <a> dislocations. In addition, more shearable precipitates can further improve the ductility via lengthening the mean free path of dislocation glide. The present work demonstrates that an excellent strength-ductility synergy at sub-zero temperatures can be achieved by introducing a high dislocation density and shearable precipitates in high-strength Mg alloys.
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1. Introduction
[bookmark: _Hlk101561527]Magnesium (Mg) alloys, as the lightest structural metallic material, have been receiving extensive attention in energy-saving industry in the past two decades [1–5]. However, a dilemma known as strength-ductility trade-off, which means that the improvement of strength or ductility invariably compromises the other, limits their applications [6,7]. Such a dilemma is usually getting worse when Mg alloys are served in outer space, north and south poles at sub-zero temperatures [8–10]. Therefore, one of the biggest challenges to date is to develop Mg alloys with high strength while preserving acceptable ductility at sub-zero temperatures. 
[bookmark: _Hlk100870227]In Mg alloys free of rare earth (RE) elements, it is commonly found that the strength increases and the ductility declines when the serving temperature decreases [9,10]. For example, although the ultimate tensile strength (UTS) of a commercial AZ31 alloy was increased from 250 MPa at room temperature (RT) to over 350 MPa at 77 K (liquid nitrogen), its corresponding elongation was decreased dramatically from over 25% to below 10% [9]. Such a strength-ductility trade-off was mainly attributed to the insufficient twins and dislocations at cryogenic temperature. However, the yield stress of some single crystal Mg alloys could decrease initially and then increase as the temperature goes down from RT to 77 K, owing to the decomposition of <c+a> dislocations at high temperature [11–13]. With the addition of RE elements, the strength and the ductility of Mg alloys can be improved dramatically, especially in the systems containing Gd and Y elements [14,15]. Kula et al. [16,17] found that although the strength and the ductility of binary Mg-Gd and Mg-Y alloys were simultaneously improved with increasing Gd and Y addition at the same cryogenic temperature, the ductility of the samples with the same composition still declined when the temperature dropped from RT to cryogenic temperature. Moreover, there were some contradictory findings, where strength-ductility trade-off and strength-ductility synergy phenomena were reported in similar Mg alloys at cryogenic temperature, respectively. For example, the strain-to-failure of a commercial extruded WE43 alloy was slightly improved as the temperature dropped from 20 °C to -196 °C when the compression direction was parallel to the extrusion direction, but an opposite result was found when the compression direction was normal to the extrusion direction [18]. Xiao et al. [19] reported that the tensile elongation of an aged Mg-Gd-Y-Zr alloy was increased from 4% at RT to 8% at -196 °C. However, the elongation of an extruded Mg-Gd-Y-Zr alloy exhibited an opposite trend with lowering temperature from RT to -196 °C [20]. 
Dislocation glide and deformation twinning are two major modes of plasticity in Mg alloys [21–26]. Then, it is of great significance to analyze the evolution of dislocations and twins for understanding the deformation mechanism of Mg alloys at sub-zero temperatures. Generally speaking, twinning can coordinate plastic deformation through changing the grain orientation to facilitate more dislocation glide [27,28]. With respect to dislocation glide, because <a>-type dislocations cannot accommodate the c-axis strain, a certain amount of non-basal <c+a> dislocations must be required for achieving large plastic strain, especially in the system where deformation twinning is somehow limited. 
In order to activate a specific dislocation glide at a given applied stress 𝜎, the resolved shear stress τ along the glide direction has to be larger than a critical value, which is termed as the critical resolved shear stress (CRSS). Since the CRSS value of <c+a> glide is two-order higher than that of basal <a> glide in pure Mg at RT [29,30], the activation of <c+a> dislocations is much harder in polycrystal Mg. A feasible approach to increase the number of <c+a> dislocations is to reduce the ratio of CRSS<c+a>/CRSSbasal<a> [30,31]. Kim et al. [29] reported that alloying with RE elements can reduce the ratio of CRSS<c+a>/CRSSbasal<a>, where a large number of <c+a> dislocations was observed after deformation. It is acknowledged that the CRSS value for any dislocation glide increases significantly with decreasing temperature [32]. If the increasing rate of CRSS<c+a> is lower than the CRSSbasal <a> in a Mg alloy with lowering temperature, it is reasonable to achieve a lower ratio of CRSS<c+a>/CRSSbasal<a>, and more <c+a> dislocations can be activated for better ductility at a certain sub-zero temperature than RT.
 Precipitation strengthening is widely applied for developing high-strength Mg alloys, of which maintaining good ductility is a key issue [33,34]. It was previously reported that precipitate shearing may not lower the ductility [35], but the precipitate strengthening at the mean time would be decreased to some extent [36,37]. For example, Bhattacharyya et al. [36] proved that the precipitates can be sheared by basal <a> dislocation in an aged WE43 alloy, leading to the overestimation of Orowan strengthening. In addition, Jiang et al. [38] pointed out that <c+a> dislocations can shearplate precipitates. Hence, the question that arises spontaneously is whether the precipitate can be sheared and how it contributes to the strength-ductility synergy of Mg alloys at sub-zero temperatures. 
Because the β' phase (Mg7RE) with a c-axis base-centered orthorhombic structure (cbco, a = 0.64 nm, b = 2.24 nm, c = 0.52 nm) is commonly used to strengthen Mg-RE based alloys [33,39], and an aged Mg-Gd-Y-Zr alloy developed by Xiao et al. [19] showed a promising strength-ductility synergy at cryogenic temperature, we herein prepare a high-strength Mg-Gd-Y-Zr alloy with uniformly-distributed β' phase, investigating its tensile properties and the corresponding deformation mechanism at various temperatures. Combining the measurement of dislocation density by synchrotron X-ray diffraction and detailed microstructure characterization, the present work reveals that a high dislocation density accompanied by shearable precipitates can provide an excellent strength-ductility synergy in the Mg-Gd-Y-Zr alloy at sub-zero temperatures. 
2. Materials and methods
[bookmark: _Hlk85657629] An as-extruded Mg-7.37Gd-3.1Y-0.27Zr (wt.%, denoted as GW83K hereinafter) alloy was received and aged at 225 °C for 16 h to obtain the designed microstructure. The chemical composition was measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES). Vickers hardness tests were conducted with a 5 kg load holding for 10 s by a standard micro-hardness tester (SCTMC, XHVT-10Z). For each specimen, the hardness was examined at nine positions, and the average hardness was determined by averaging seven points after removing the maximum and minimum values. Tensile specimens were fabricated into a flat dog-bone shape, of which the gauge was 25.0 mm (length) × 6.0 mm (width) × 1.2 mm (thickness). The quasi-static tensile tests at three different temperatures (RT, -70 °C, -196 °C) were carried out by the machine (UTM4204) with incubator (HLTC) and extensometer (E105867) at a strain rate of 0.3 × 10-3, where the tests were repeated three times at each temperature with the loading parallel to the extrusion direction. 
In order to characterize the evolution of microstructure during deformation, the interrupted tensile tests were performed and stopped at different characteristic strains. The central regions of deformed samples were examined by synchrotron X-ray diffraction at Shanghai Synchrotron Radiation Facility. Given the low density and the thin thickness of GW83K alloy, X-ray with the energy of 18 keV can transmit the samples to generate two-dimensional diffraction rings, which can be integrated into one-dimensional diffraction profiles by the software Fit2D. In the calculation, seven peaks including, , , , ,, reflections were used. Based on the change of full width at half-maximum (FWHM) and combined modified five methods [40,41], average dislocation density and the relative fractions of dislocations with different Burgers vectors were determined from Synchrotron X-ray data. 
[bookmark: _Hlk85663198]In the MWH-MWA method, the dislocation contrast factor and anisotropic elastic constants q1 and q2 were considered in the calculation. According to the best quadratic fit from acquired diffraction data, the material obtained its measured values of q1 and q2 named as . It is known that Mg alloys have eleven slip systems and each slip system has its own , q1 and q2 [42]. When the measured  results match with the weighted averages of these slip systems, denoted as  by the Eqs. (1) and (2), it can be determined that the possible combination of activated slip systems is reasonable. In the Eqs. (1) and (2),  represents the number of total activated slip systems (0<<11); ,  and  denote the number of activated <a>, <c>, <c+a> slip systems, respectively; =, = and = mean the fraction of <a>, <c>, <c+a> Burgers vector group;,  and are the Burgers vectors of <a>, <c>, <c+a>-type dislocation; the letter “j” indicates the jth slip system. 

                  =        (1)
                  =        (2)
According to MWH-MWA method, the expression formula of total dislocation density can be expressed as:
                         (3)
where L and  stand for the Fourier length and effective outer cut-off radius of dislocation, respectively.  can be determined by MWA plot. The dislocation density of the alloy can be obtained from the slope of the linear relationship between  and . More details of dislocation density calculations can be found in Ref [41].
The quasi-in-situ tensile tests of RT, -70 °C, and -196 °C were paused at different strains, followed by slip trace analysis and the determination of CRSS values via electron backscattered diffraction (EBSD) and secondary electron imaging (SEI) analysis in a GAIA3 (Tescan, Czech Republic) scanning electron microscope (SEM). The EBSD data was analyzed by OIM™ software (EDAX Inc., USA). Because the slip traces were parallel to the intersection line between the sample surface and the slip plane, each slip system can be determined after fitting the experimental data with the computational results [43,44]. Transmission electron microscopy (TEM) specimens were twin-jet electropolished in an ethanol solution with 4% perchloric acid at 30 V and -30 °C, followed by ion milling (Gatan model 695) at 0.5 keV and 2° for 0.5 h. The high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) and conventional TEM characterization were performed in Talos F200X G2 and JEOL-2100F machines, respectively.
3. Results
3.1 Initial microstructure
[bookmark: _Hlk63032539]Fig. 1(a) presents an EBSD map of the initial microstructure of the aged GW83K alloy, which contains equiaxed grains with an average grain size of ~42 μm, as shown in Fig. 1(b). Fig. 1(c) shows the corresponding  pole figure (PF), indicating that such an initial microstructure exhibits a weak random texture. The TEM bright-field (BF) image in Fig. 1(d) shows that a high density of nano-scale precipitates was uniformly distributed within the matrix, which was identified to be the β' phase via SAED pattern viewing along [0001] zone axis in Fig. 1(e). 
[image: ]
Fig. 1. Microstructure of the aged GW83K alloy: (a) EBSD map; (b) statistical histogram of grain size and (c) {0002} PF; (d) representative TEM BF image of uniformly-distributed β' phase with (e) corresponding SAED pattern viewing along [0001].
3.2 Tensile properties
Tensile tests at RT, -70 °C and -196 °C were carried out, and their corresponding engineering and true stress-strain curves are as shown in Fig. 2(a) and (b), respectively. Although the theoretical Young’s modulus of pure Mg and its alloys is around 45 GPa at RT [45,46], the value may be lower than 45 GPa if it is deduced from stress-strain curve [47]. As shown in Table 1, the elastic modulus increases monotonically from 40.1 GPa at RT to 47 GPa at -196 °C. Although the yield strength (YS, measured by σ0.2) of GW83K alloy was only slightly increased from 264 MPa at RT to 272 MPa at -70 °C, the total elongation (EL, total strain corresponding to the fracture) was increased dramatically from 4.0% to 12.0%, and the uniform elongation (UEL, uniform plastic strain subtracting the elastic portion from the total fracture strain) was increased from 3.1% to 10.7%, accompanying with a large enhancement of UTS from 364 to 421 MPa. When the temperature was further decreased to -196 °C, the YS and UTS were both increased dramatically, but the EL and UEL were fallen back to 5.1% and 4.2%, respectively. As expected, the strength of GW83K alloy was enhanced monotonically with decreasing temperature. However, the present alloy shows an unexpected inflection point of elongation appeared with the maximum magnitude at -70 °C, which was not reported in the literature [18,20]. In order to understand the abnormal inflection point at -70 °C, it is necessary to investigate the microstructure evolution and deformation mechanism at different temperatures.  
[image: ]
Fig. 2. (a) Engineering stress-strain curves of the GW83K alloy tested at different temperatures; (b) corresponding true stress-strain curves.

Table 1 Tensile properties of the GW83K alloy tested at different temperatures.
	Temperature (°C)
	E (GPa)
	YS(σ0.2) (MPa)
	UTS (MPa)
	EL (%)
	UEL (%)

	RT
	40.1±0.2
	264±1
	364±1
	4.0±0.3
	3.1±0.3

	-70
	41.5±0.3
	272±2
	421±2
	12.0±1.3
	10.7±1.3

	-196
	47.0±0.6
	310±6
	483±6
	5.1±0.1
	4.2±0.1


3.3 Quasi-in-situ EBSD
[bookmark: _Hlk97119391]It is known that dislocation glide and deformation twinning are two major modes of plasticity in Mg alloys. Since deformation twinning is very sensitive to deformation temperature and its relative contribution to the overall strain is usually increased when the temperature is lowered [48], we first analyzed the twinning behavior of GW83K alloy deformed at different temperatures. Fig. 3 is the quasi-in-situ EBSD analysis of microstructure at different temperatures with strain change, showing that the twinning mode of GW83K alloy was almost  extension twin. With increasing strain, different twin variants can appear within the same grain (Grain 1), as shown in Fig. 3(g−i). Fig. 3(h) shows the evolution of twin volume fraction with strains at different temperatures. Although the volume fraction of  extension twin was slightly increased with lowering temperature, it remained less than 1% at different temperatures, indicating that the contribution of deformation twinning to accommodate strain in this alloy can be ignored. Besides, many grains, such as Grain 2 and Grain 3 marked in Fig. 3(e−g), reorientated gradually due to grain rotation, which were probably caused by dislocation slips [41,43].
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[bookmark: _Hlk97112585]Fig. 3. Quasi-in-situ EBSD characterization of microstructure evolution at different engineering strains and different temperatures: (a) 2.0% engineering strain at RT; (b) 4.0% engineering strain at RT; (c) 2.0% engineering strain at -196 °C; (d) 4.0% engineering strain at -196 °C; (e) 2.0% engineering strain at -70 °C; (f) 4.0% engineering strain at -70 °C; (g) 8.0% engineering strain at -70 °C; (h) evolution of twin volume fraction with strain at different temperatures, with the twin evolution in Grain 1 deformed at -70 °C; (i) line profile of the misorientation angle along the white line marked in Grain 1 in (f).
3.4 Dislocation density measured by synchrotron X-ray diffraction
As abovementioned, deformation twinning has little effect on plastic strain in the GW83K alloy. Then, it is necessary to investigate the dislocation density evolution when the GW83K alloy is deformed at different temperatures. Although the TEM characterization provides a direct observation of dislocation structure due to its high resolution, the relatively small observation field of view is not suitable for accurate evaluation of dislocation density. Alternatively, synchrotron X-ray diffraction provides an approach to analyze the evolution of dislocation density with much better statistics via line profile analysis (LPA) [41]. Fig. 4(a) and (b) presents the evolutions of average total dislocation density and Vickers hardness with strain, representing the bulk average values of the whole gauge parts in the GW83K alloy undeformed and deformed at various strains of different temperatures. It is obvious that at the initial stage of deformation, the increasing rate of total dislocation density at -70 °C is close to that at -196 °C, which is higher than that at RT. Besides, the total dislocation density has a good match with the Vickers hardness at all strains at different temperatures.
[image: ]
Fig. 4. Evolutions of (a) the average total dislocation density and (b) Vickers hardness with engineering strains at different temperatures.
[bookmark: _Hlk95727400][bookmark: _Hlk95727126][bookmark: _Hlk130069056]Because the evolution of total dislocation density cannot distinguish which dislocation slip contributes most to the overall strain, it is necessary to unveil the evolutions of average dislocation density in each Burgers vector group with strain at different temperatures. As shown in Fig. 5, the evolutions of average dislocation density with Burgers vector <a>, <c> and <c+a> show that the samples deformed at -70 and -196 °C have accumulated a higher dislocation density in each Burgers vector group than the RT sample at the same strain point. Since <c>-type dislocations do not provide any independent deformation mode in hcp crystals, we have herein focused on analyzing the evolutions of <a> and <c+a> dislocations with strain. As we can see in Fig. 5(a), the densities of <a>-type dislocations were all increased with strain at different temperatures, but the increasing rates of the samples deformed at -70 and -196 °C were higher than that of the sample deformed at RT, indicating that lowering temperature was beneficial for the accumulation of <a>-type dislocations in this alloy. With respect to the <c+a> dislocation density, it was higher in the sample deformed at -70 °C than that at RT and -196 °C, and the accumulation rate of <c+a> dislocation density at the sample deformed at -70 °C was 28.6% ((0.54−0.42)/0.42) higher than that at -196 °C, as shown in Fig. 5(c), which is of great significance for achieving the excellent ductility in the sample deformed at -70 °C. It is worth mentioning that the <c+a> dislocation density increases initially and then decreases during RT deformation, indicating that the <c+a> dislocations are not stable at RT.
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Fig. 5. Evolutions of the average dislocation densities of (a) <a>-type dislocation; (b) <c>-type dislocation; (c) <c+a>-type dislocation with engineering strains at different temperatures.
3.5 TEM characterization
[bookmark: _Hlk95766481]In order to characterize the <c+a> dislocations in detail, weak-beam dark field (WBDF) TEM technique was applied for the GW83K samples deformed at the interrupted strains at different temperatures, as shown in Fig. 6. According to the principle of dislocation visibility [49], all the visible dislocations in Fig. 6 contained <c>-component under the g = (0002) operation. In addition, the normal lines of these dislocation slip planes are mostly parallel to the  diffraction spots, indicating that these dislocations are pyramidal II <c+a> dislocations [11,50]. It is obvious that the number density of <c+a> dislocations is very low in the sample deformed at RT after the strain of 4.0%, as shown in Fig. 6(a). Similar to previous work in literature [51,52], the <c+a> dislocations of GW83K alloy were unstable and a glissile-to-sessile dislocation decomposition was usually observed at RT, confirmed by the projection of decomposed sessile dislocations parallel to the basal plane. 
[bookmark: _Hlk95822702][bookmark: _Hlk109803786]With the deformation temperature lowering to -196 °C, a slightly higher elongation (5.1%) is obtained with a higher number density of <c+a> dislocations commonly observed at the break strain point, as shown in Fig. 6(b). Since the elongation of the sample deformed at -70 °C (12.0%) is much higher than the other two samples, a much higher number density of <c+a> dislocations is expected and characterized in Fig. 6(d). In order to confirm whether the <c+a> dislocations play a significant role in enhancing the elongation, the sample deformed at -70 °C was interrupted at an engineering strain of 4.0%, which was close to the break strain point of the other two samples. As shown in Fig. 6(c), the sample deformed at -70 °C contains a much higher <c+a> dislocation density than that in the RT sample with a 4.0% strain, but its distribution is more uniform than the sample deformed at -196 °C. It is worth mentioning that the <c+a> dislocations mostly have a linear morphology at sub-zero temperatures, as shown in Fig. 6(b−d), which implies that these <c+a> dislocations are stable and mobile. 
[bookmark: _Hlk64778022][image: ]
Fig. 6. Weak-beam dark field (WBDF) images of samples subjected to different tensile strains at different temperatures: (a) 4.0% engineering strain at RT; (b) 5.1% engineering strain at -196 °C; (c) 4.0% engineering strain at -70 °C; (d) 12.0% engineering strain at -70 °C.
[bookmark: _Hlk65576487]4. Discussion
In this work, an abnormal strength-ductility synergy phenomenon is observed in the GW83K alloy deformed at sub-zero temperatures, where an inflection point is achieved at -70 °C where both strength and ductility are increased (Fig. 2 and Table 1). Specifically, the strength is increased monotonically with decreasing temperature, but the ductility reaches the maximum value at -70 °C. In the present alloy, deformation twinning has shown trivial influence on ductility during tensile tests (Fig. 3), and the dislocation glide is responsible for plastic strain at different temperatures. Therefore, we hereinafter focus on discussing the mechanism responsible for the abnormal strength-ductility synergy caused by dislocations and uniformly-distributed nano precipitates in the GW83K alloy.
[bookmark: _Hlk130041073][bookmark: _Hlk130043890][bookmark: _Hlk130064957]In order to further analyze the different dislocation behaviors at different deformation temperatures, the slip trace analysis was performed. As shown in Fig. 7, the proportion of basal <a> dislocations was much higher in the RT sample with a 4.0% strain than those in the other two samples, confirming that a higher fraction of basal dislocations deteriorated ductility. For the fraction of pyramidal <a> dislocations, it decreased gradually from 16.7% at RT to 12.8% at -196 °C, indicating that pyramidal <a> dislocations had a trivial effect on improved ductility at low temperatures. Although the fraction of prismatic <a> dislocations increased dramatically from 30.4% at RT to 38.3% at -70 °C, and reached a peak of 47.9% at -196 °C, the sample deformed at -196 °C only performed a slightly higher elongation than the RT sample. Then, the prismatic <a> dislocations were not responsible for achieving high ductility in this case, either. With respect to the evolution of <c+a> dislocation fraction, it increased first and then decreased with lowering temperature, which is consistent with the inflection point of ductility at -70 °C. Therefore, a high <c+a> dislocation density is crucial for achieving a remarkably increased elongation of GW83K alloy at -70 °C. 
[bookmark: _Hlk109804121]Combining the slip trace analysis with corresponding Schmidt factor (SF) in each grain, we can determine the CRSS<c+a>/CRSSbasal<a> ratios of the GW83K alloy deformed at different temperatures based on the assumption that the resolved shear stress τ for each activated slip systems in a specific grain can be obtained via τ=σ∙SF [53], where σ is the applied stress under a given strain. Fig. 8(a) shows the SF distribution of pyramidal II <c+a> dislocation and basal <a> dislocation activated at different temperatures, and Fig. 8(b) depicts the corresponding resolved shear stress distribution and the minimum resolved shear stress is set as the CRSS in this case. In Fig. 8, the CRSS<c+a>/CRSSbasal<a> ratios at RT, -70 °C and -196 °C are 10.4 (34.8 MPa/3.3 MPa), 7.4 (35.3 MPa/4.7 MPa) and 8.5 (49.4 MPa/5.8 MPa), respectively. While the value of CRSSbasal<a> exhibits a 42.4 % increasement with the temperature decreasing from RT to -70 °C, the increasement of CRSS<c+a> value is negligible (1.4%) in the same process, resulting in a significant decrease of CRSS<c+a>/CRSSbasal<a> ratio. When the temperature further decreases to -196 °C, the CRSS<c+a> value shows a remarkable increase, and the CRSS<c+a>/CRSSbasal<a> ratio recovers to 8.5. The experimental results indicate that the CRSS<c+a>/CRSSbasal<a> ratio reaches a minimum at -70 °C, making the <c+a> dislocations to be activated easier under such a circumstance.
[image: ]
Fig. 7. Statistics of the slip trace analysis at different temperatures with a 4.0% strain: (a) RT; (b) -70 °C; (c) -196 °C; (d) fractions of different slip systems.
[image: ]
Fig. 8. Evaluation of CRSS<c+a>/CRSSbasal<a> ratios of the GW83K alloy deformed at different temperatures with a 2.0% strain: (a) Schmid factor distribution; (b) resolved shear stress distribution (c) CRSS<c+a>/CRSSbasal<a> ratios.
[bookmark: _Hlk132116344][bookmark: _Hlk132116294]As aforementioned, shearable precipitates are beneficial for maintaining good ductility. Fig. 9 presents the HAADF-STEM images of the samples deformed at different temperatures, with the electron beam parallel to . As shown in Fig. 9(a), the occurrence of sheared precipitates is about 10.0% at RT with a 4.0% strain. A higher occurrence of sheared precipitates (about 30.4%) was observed when the sample was deformed at -70 °C with a 4.0% strain in Fig. 9(b). When the temperature drops to -196 °C, there are almost no sheared precipitates (the occurrence is only about 2.7%) after the sample was fractured with a 5.1% strain in Fig. 9(c). It is worth mentioning that almost all the precipitates were sheared to some extent in the sample deformed at -70 °C after fracture with a 12.0% strain, as shown in Fig. 9(d). 
[image: ]
Fig. 9. HAADF-STEM images of samples subjected to different tensile strains at different temperatures with the electron beam parallel to : (a) 4.0% engineering strain at RT; (b) 4.0% engineering strain at -70 °C; (c) 5.1% engineering strain at -196 °C; (d) 12.0% engineering strain at -70 °C.
According to the Taylor hardening model [54], the contribution of dislocation density to the flow stress () during a quasi-static tensile test can be expressed as:
                                                        (4)
where M is Taylor factor, is an empirical constant related to materials, is shear modulus (E and  are elastic modulus and Poisson ratio, respectively), b is the magnitude of Burgers vector, and is the dislocation density. In literature, M,  and  are usually set as 2.5, 0.4 and 0.3 for Mg alloys, respectively [55–57]. Since the elastic modulus E of the samples deformed at different temperatures can be extracted from the stress-strain curves, which are listed in Table 1, the corresponding shear modulus can be estimated, respectively. The total dislocation density at any strain can be evaluated from Fig. 4(a). Because the <a>-type dislocations are predominant, as shown in Fig. 5, we herein set the magnitude of Burgers vector b = 0.32 nm for simplicity in Eq. (4). Then, we can approximately estimate the strength difference at different temperatures caused by the difference of dislocation density at the same strain. 
[bookmark: _Hlk109801464][bookmark: _Hlk109801338][bookmark: _Hlk109801177][bookmark: _Hlk109801149]As aforementioned, the 4.0% engineering strain is a characteristic strain, of which the strengthening contribution at different temperatures is discussed in detail hereinafter. According to Eq. (4), using the corresponding parameters (, ) at different temperatures, the contributions of dislocation strengthening to the flow stresses at RT, -70 °C and -196 °C are 123, 194 and 208 MPa (Because the increasing rate of dislocation density is constant at -196 °C, the dislocation density of -196 °C with a 4.0% strain is estimated from the intersection of dislocation density fitting curve and 4.0% strain.) at 4.0% engineering strain, as respectively shown in Fig. 10. It is noted that the overall flow stress at a specific true strain is obtained from the true stress-strain curves (Fig. 2(b)). The contribution of shear-resistant precipitate strengthening  can be estimated via the following equation [33]:
                          (5)
where  is the mean thickness of β' (12±0.8 nm),  is the mean diameter of β' (35±1.3 nm), and is the volume fraction of β' (28.7%). Then, the contributions of other strengthening components to the flow stress (defined as , where  and  represent grain boundary strengthening and solid solution strengthening) together can be obtained by subtracting the dislocation strengthening and precipitate strengthening from the measured flow stress [58–61]. Since the precipitates deformed at -196 °C were hardly sheared, its precipitate strengthening contribution can be estimated via Eq. (5) as 130 MPa. Then, the values of  are equal to be 156 MPa at -196 °C. Therefore, the value of  is estimated to be the same at RT and -70 °C and set as 156 MPa, and the contribution of precipitate strengthening can be calculated to be 99 MPa at RT and 59 MPa at -70 °C, which are lower than the values calculated by Eq. (5) for 111 MPa at RT and 115 MPa at -70 °C, respectively. It was reported that shearable precipitates in Mg-RE based alloys would weaken their precipitate strengthening effect to some extent [36,37]. In particular, the strength contribution of basal dislocation to precipitated phase is overestimated from 55 MPa to 98 MPa [36], of which the gap is very close to precipitate strengthening reduction in the present GW83K alloy from RT to -70 °C. Therefore, the reason why the precipitate strengthening is weakened at -70 °C is due to the precipitate shearing.  
[image: ]
Fig. 10. Contributions of different strengthening components in the sample deformed at different temperatures with a 4.0% strain.
[bookmark: _Hlk65576560]It has been reported that a higher dislocation density, especially the <c+a> dislocations, plays a crucial role in enhancing the ductility of Mg alloys [21,51,62]. Moreover, making the activated <c+a> dislocations glissile and achieving a high proportion of stable <c+a> dislocations would improve the tensile ductility of Mg alloys [50,51]. The effect of mobile dislocation density () on strain can be expressed by the following formula [63]:
                                                   (6)
where  is plastic strain,  is the mean free path of dislocation glide According to Eq. (6), a higher  and/or  are beneficial for enhancing the ductility of Mg alloys.  
Generally speaking, mobile dislocation density  is proportional to the total dislocation density  [64]. As shown in Fig. 4(a), the GW83K alloy deformed at -70 °C possesses a higher total dislocation density than that deformed at RT and -196 °C at any strain, indicating that a higher mobile dislocation density is achieved at -70 °C. In particular, the trend of <c+a>-type dislocation density evolution (Fig. 5(c)) is similar to that of total dislocation density at different temperatures, which makes the sample deformed at -70 °C capable of accommodating more c-axis strain and lead to a better tensile ductility. 
With respect to the mean free path of dislocation movement L, it is facilitated by shearable precipitates [36,37] and leads to the improvement of tensile ductility [64]. L is larger at -70 °C than the other two temperatures, because the precipitates are severely sheared at -70 °C but slightly sheared at RT and remain almost unchanged at -196 °C, as illustrated in Fig. 9. Figs. 4 and 5 reveal that the sample deformed at RT preserves a much lower dislocation density at the same strain than the sample deformed at -70 °C. Because the elastic moduli of samples at RT (40.1 GPa) and -70 °C (41.5 GPa) are very close, the precipitates that are slightly sheared at RT are due to the insufficient dislocation density. At -70 °C, sheared precipitates are commonly observed in such a scale, especially at -70 °C-12.0 % strain in Fig. 9(d). However, when the deformation temperature is lowered to -196 °C, the elastic modulus of the alloy is dramatically increased to 47.0 GPa accompanying with the increasement of precipitates' elastic modulus [65,66], which makes the precipitates hard to be sheared and hinders the slip of dislocations, resulting in a smaller L than the sample deformed at -70 °C.  
Based on the discussion abovementioned, schematic diagrams of deformation mechanisms in the GW83K alloy deformed at different temperatures are proposed in Fig. 11. A high dislocation density with a high proportion of <c+a>-type dislocation is the groundwork for achieving an excellent strength-ductility synergy in Mg alloys at low temperatures. In addition, the shearable precipitates can mediate dislocation glide, and lengthen the mean free path of dislocation movement, leading to a good combination of strength and ductility at -70 °C. 
[image: ]
Fig. 11. Schematic diagrams of deformation mechanisms in the GW83K alloy at different temperatures.
5. Conclusion
In this work, an abnormal tensile behavior of the GW83K alloy was discovered at sub-zero temperatures and the corresponding strength-ductility synergy was systematically investigated. The main conclusions are summarized as follows:
[bookmark: _Hlk101564066][bookmark: _Hlk101563822]1. As the deformation temperature decreases, the yield strength and ultimate tensile strength of the GW83K alloy are increased monotonically. However, the total and uniform elongations exhibit an unusual inflection point at -70 °C, which is much higher than that at RT and -196 °C. 
2. The number density of  deformation twin is very low and only slightly increased with lowering temperature, indicating that deformation twinning has a trivial effect on the ductility of the GW83K alloy.
3.  The minimized CRSS<c+a>/CRSSbasal<a> ratio at -70 °C makes it easier to activate more <c+a> dislocations and leads to an excellent ductility in the GW83K alloy.
4. More shearable precipitates at -70 °C can mediate dislocation glide and lengthen the mean free path of dislocation movement, leading to a good combination of strength and ductility. 
Declaration of Competing Interest 
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.
Acknowledgements
[bookmark: _Hlk118465251]We acknowledge Prof. Jian Wang from the University of Nebraska-Lincoln for insightful discussion. This work is financially supported by the National Key R&D Program of China (No. 2021YFB3501005), the Space Utilization System of China Manned Space Engineering (No. KJZ-YY-WCL04), the Natural Science Foundation of Shanghai (No. 23ZR1431100) and the National Natural Science Foundation of China (No. 51825101). Shanghai Synchrotron Radiation Facility is acknowledged for supporting the synchrotron high energy X-ray diffraction experiments at Beam Line No. BL14B1.    
References
[1]	S.R. Agnew, A. Singh, C.A. Calhoun, R.P. Mulay, J.J. Bhattacharyya, H. Somekawa, T. Mukai, B. Clausen, P.D. Wu, Int. J. Plast. 100 (2018) 34–51.
[2]	J.J. Bhattacharyya, F. Wang, P.D. Wu, W.R. Whittington, H. El Kadiri, S.R. Agnew, Int. J. Plast. 81 (2016) 123–151.
[3]	R. Chen, S. Sandlöbes, C. Zehnder, X. Zeng, S. Korte-Kerzel, D. Raabe, Mater. Des. 154 (2018) 203–216.
[4]	Q. Luo, Y. Guo, B. Liu, Y. Feng, J. Zhang, Q. Li, K. Chou, J. Mater. Sci. Technol. 44 (2020) 171–190.
[5]	Q. Li, Y. Lu, Q. Luo, X. Yang, Y. Yang, J. Tan, Z. Dong, J. Dang, J. Li, Y. Chen, B. Jiang, S. Sun, F. Pan, J. Magnes. Alloy. 9 (2021) 1922–1941.
[6]	E. Ma, T. Zhu, Mater. Today 20 (2017) 323–331.
[7]	H. Wu, G. Fan, Prog. Mater. Sci. 113 (2020) 100675.
[8]	S.E. Shumilin, M. Janecek, N.V. Isaev, P. Minarik, R. Kral, Adv. Eng. Mater. 15 (2013) 352–357.
[9]	H. Wang, S. Dong, G. Lv, Mater. Des. 92 (2016) 143–150.
[10]	K. Zhang, Z. Shao, C.S. Daniel, M. Turski, C. Pruncu, L. Lang, J. Robson, J. Jiang, Mater. Sci. Eng. A 807 (2021) 140821.
[11]	P.J.F. Stohr, J.P. Poirier, Philos. Mag. 25 (1972) 1313–1329.
[12]	A. Shinji, T. Hideki, Mater. Trans. 41 (2000) 1188–1191.
[13]	H. Tonda, S. Ando, Metall. Mater. Trans. A-Phys. Metall. Materi. Sci. 33 (2002) 831–836.
[14]	J. Zhang, S. Liu, R. Wu, L. Hou, M. Zhang, J. Magnes. Alloy. 6 (2018) 277–291.
[15]	S. Sandlöbes, M. Friák, J. Neugebauer, D. Raabe, Mater. Sci. Eng. A 576 (2013) 61–68.
[16]	A. Kula, K. Noble, R.K. Mishra, M. Niewczas, Philos. Mag. 96 (2016) 134–165.
[17]	A. Kula, X. Jia, R.K. Mishra, M. Niewczas, Int. J. Plast. 92 (2017) 96–121.
[18]	K. Zhang, J.H. Zheng, C. Hopper, C. Sun, J. Jiang, Mater. Sci. Eng. A 811 (2021) 141001.
[19]	Y. Xiao, X. Zhang, Spec. Cast. Nonferrous Alloy. 30 (2010) 794–600.
[20]	B. Chen, J.X. Zheng, C.M. Yang, Y.X. Chen, S.C. Cao, Z.X. Zhao, X.L. Li, C. Lu, J. Mater. Eng. Perform. 26 (2017) 590–600.
[21]	B.Y. Liu, F. Liu, N. Yang, X.B. Zhai, L. Zhang, Y. Yang, B. Li, J. Li, E. Ma, J.F. Nie, Z.W. Shan, Science 364 (2019) 73–75.
[22]	M. Wang, B.B. He, M.X. Huang, J. Mater. Sci. Technol. 35 (2019) 394–395.
[23]	Y. Zhou, Q. Luo, B. Jiang, Q. Li, F. Pan, Scr. Mater. 208 (2022) 114345.
[24]	H. Yoshinaga, T. Obara, S. Morozumi, Mater. Sci. Eng. 12 (1973) 255–264.
[25]	D.D. Yin, C.J. Boehlert, L.J. Long, G.H. Huang, H. Zhou, J. Zheng, Q.D. Wang, Int. J. Plast. 136 (2021) 102878.
[26]	L. Wang, Z. Huang, H. Wang, A. Maldar, S. Yi, J.S. Park, P. Kenesei, E. Lilleodden, X. Zeng, Acta Mater. 155 (2018) 138–152.
[27]	J. Wang, J.P. Hirth, C.N. Tomé, Acta Mater. 57 (2009) 5521–5530.
[28]	L. Wang, G. Huang, Q. Quan, P. Bassani, E. Mostaed, M. Vedani, F. Pan, Mater Des. 63 (2014) 177–184.
[29]	K.H. Kim, J.B. Jeon, N.J. Kim, B.J. Lee, Scr. Mater. 108 (2015) 104–108.
[30]	H. Fan, Q. Wang, X. Tian, J.A. El-Awady, Scr. Mater. 127 (2017) 68–71.
[31]	S. Sandlöbes, M. Friák, S. Zaefferer, A. Dick, S. Yi, D. Letzig, Z. Pei, L.F. Zhu, J. Neugebauer, D. Raabe, Acta Mater. 60 (2012) 3011–3021.
[32]	J.F. Nie, K.S. Shin, Z.R. Zeng, Trans. A-Phys. Metall. Materi. Sci. 51 (2020) 6045–6109.
[33]	J.F. Nie, Metall. Mater. Trans. A-Phys. Metall. Mater. Sci. 43 (2012) 3891–3939.
[34]	Y. Guo, B. Liu, W. Xie, Q. Luo, Q. Li, Scr. Mater. 193 (2021) 127–131.
[35]	C.Y. Wang, C.M. Cepeda-Jiménez, M.T. Pérez-Prado, Acta Mater. 194 (2020) 190–206.
[36]	J.J. Bhattacharyya, F. Wang, N. Stanford, S.R. Agnew, Acta Mater. 146 (2018) 55–62.
[37]	R. Alizadeh, J. LLorca, Acta Mater. 186 (2020) 475–486.
[38]	J. Jiang, S. Ni, H. Yan, N. Yan, M. Song, Scr. Mater. 170 (2019) 24–28.
[39]	X. Xia, W. Sun, A.A. Luo, D.S. Stone, Acta Mater. 111 (2016) 335–347.
[40]	I. V. Ivanov, D. V. Lazurenko, A. Stark, F. Pyczak, A. Thömmes, I.A. Bataev, Met. Mater. Int. 26 (2020) 83–93.
[41]	M. Wang, X.Y. Xu, H.Y. Wang, L.H. He, M.X. Huang, Acta Mater. 201 (2020) 102–113.
[42]	A. Borbély, J. Dragomir-Cernatescu, G. Ribárik, T. Ungár, J. Appl. Crystallogr. 36 (2003) 160–162.
[43]	G. Zhu, L. Wang, H. Zhou, J. Wang, Y. Shen, P. Tu, H. Zhu, W. Liu, P. Jin, X. Zeng, Int. J. Plast. 120 (2019) 164–179.
[44]	K.Y. Xie, Z. Alam, A. Caffee, K.J. Hemker, Scr. Mater. 112 (2016) 75–78.
[45]	M.M. Avedesian, H. Baker, ASM Specialty Handbook: Magnesium and Magnesium Alloys, ASM International, United States of America, 1999.
[46]	Xixi Dong, L. Feng, S. Wang, E.A. Nyberg, S. Ji, J. Magnes. Alloy. 9 (2021) 90–101.
[47]	E. Garlea, M. Radovic, P.K. Liaw, Mater. Scie. Eng A 758 (2019) 86–95.
[48]	K. Zhang, J.H. Zheng, Y. Huang, C. Pruncu, J. Jiang, Mater. Des. 193 (2020) 108793.
[49]	Y.M. Zhu, A.J. Morton, M. Weyland, J.F. Nie, Acta Mater. 58 (2010) 464–475.
[50]	K. Wei, R. Hu, D. Yin, L. Xiao, S. Pang, Y. Cao, H. Zhou, Y. Zhao, Y. Zhu, Acta Mater. 206 (2021) 116604.
[51]	Z. Wu, R. Ahmad, B. Yin, S. Sandlöbes, W.A. Curtin, Science 359 (2018) 447–452.
[52]	K.Y. Xie, K.M. Reddy, L. Ma, A. Caffee, M. Chen, K.J. Hemker, Materialia 8 (2019) 100504.
[53]	B. Zhou, L. Wang, J. Wang, A. Maldar, G. Zhu, H. Jia, P. Jin, X. Zeng, Y. Li, J. Mater. Sci. Technol. 98 (2022) 87–98.
[54]	H. Mecking, U.F. Kocks, Acta Metall. 29 (1981) 1865–1875.
[55]	W. Yuan, S.K. Panigrahi, J.Q. Su, R.S. Mishra, Scr. Mater. 65 (2011) 994–997.
[56]	B. Guan, Y. Xin, X. Huang, P. Wu, Q. Liu, Acta Mater. 173 (2019) 142–152.
[57]	H. Pan, R. Kang, J. Li, H. Xie, Z. Zeng, Q. Huang, C. Yang, Y. Ren, G. Qin, Acta Mater. 186 (2020) 278–290.
[58]	R.S. Ganji, P. Sai Karthik, K. Bhanu Sankara Rao, K.V. Rajulapati, Acta Mater. 125 (2017) 58–68.
[59]	Z.Y. Liang, Z.C. Luo, M.X. Huang, Int. J. Plast. 116 (2019) 192–202.
[60]	L. Tang, L. Wang, M. Wang, H. Liu, S. Kabra, Y. Chiu, B. Cai, Acta Mater. 200 (2020) 943–958.
[61]	Y.Z. Li, Z.Y. Liang, M.X. Huang, Int. J. Plast. 150 (2022) 103198.
[62]	Z. Wu, W.A. Curtin, Nature 526 (2015) 62–67.
[63]	J.P. Hirth, J. Lothe, Theory of Dislocations, John Wiley & Sons, United States of America, 1982.
[64]	B.B. He, B. Hu, H.W. Yen, G.J. Cheng, Z.K. Wang, H.W. Luo, M.X. Huang, Science 357 (2017) 1029–1032.
[65]	X. Song, X. Fu, M. Wang, Int. J. Mech. Sci. 243 (2023) 108045.
[66]	P. Chen, D.L. Li, J.X. Yi, L. Wen, B.Y. Tang, L.M. Peng, W.J. Ding, Solid State Sci. 11 (2009) 2156–2161.

7

image2.tiff
Engineering stress (MPa)

IS
S
S

True stress (MPa)

(b)

—RT
—-70°C
' ' —-1967C
e o, o,
4 6 8 10 12

Engineering strain (%)

True strain (%)





image3.png
9" B

0002
« ’
1010

e | {1012}

IR
) Engineering strain (%)

1120

extension

W 2T
oy ‘





image4.tiff
Dislocation density (10'* m™)

120
- (a) (b)
[ ]
r > 115+
=3
H L
L i =
| ° ',3 10 | %
L =
2
L 2 §
®m RT 5 105 ® RT
i e -70°C ® .70°C
L A -196°C A _196°C
. . . . 100 Lt . . . . . .
6 8 10 12 0 2 4 6 8 012

Engineering strain (%)

Engineering strain (%)





image5.tiff
= 2 b4

Dislocation density (10" m?)
=

5 10
(a) 2 .(b) 2,(0) :
. g 4 . ‘58
E g
<a> o) <c> = <cta>
. 2 z
a Z 2
° S 2 . 84
§ H *
2 £ LN k]
. g1 . g 2
= RT k= P = RT 2 . RT
. o 70°C &l ® 70°C 2 °C
[=) e -70°C
- A _196°C of & a2 e (|20 =042 AN oty
0 2 4 6 8 10 12 0 2 4 6 8 0 12 0 2 4 6 8 0 12
Engineering strain (%)

Engineering strain (%)

Engineering strain (%)





image6.tiff
o :/

(0002)

, -
I
£
Fiur
K
I J
ot
’

(0001);z >

f L o
}/z

Pyramldal 1t <c+a>

>

Lo
200 nm

o





image7.png
“Basal <a>
Prismatic<a>
s Pyramidal I<a>

30

%)
S

>

=}

RT

16.7

395553

=70 °C

- Basal<a>
I Prismatic<a>

[ Pyramidal I<a>
[ Pyramidal l1<c+a>

479

34.7]

-196 °C




image8.tiff
©
“ g
©
L4 =3
5
. =
L~~~
2
=
. =] > =
N SSuD /T SsuD
5 v
| S
4 &
53 4
[ 2
L E 2
g D
E¥s g
" — e
=
o
S
<
——— - _m
L~~~ .
O — — wEw g
2 g B =
g g
(£JA)) UONQLISIP SSNS JedYS
B o
i 2
43 o
% mlll LT 2
LR g}
ol
[ ——— j
)
— =n == 4
<
i
——— g





image9.tiff




image10.tiff
&
xR S o
S 2] v, 1
(o\] — - w
1
)
—
< (=) N4 Tm
()} w, w, Ioa
7] — - ./r
& O
) o
+ g
Q [}
50
&) -
Il
w
g
N =) -
DDG : : ﬁ )
1 L 1 . 1 . 1 . ] .
[l S S S S (e}
S (=} S S S
Vo) <t N N —

(edIN) suonnqriuod 3uruayiuans




image11.tiff
.

.





image1.tiff




