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Abstract

:

The effects of cooling rate and annealed temperature on the state of atomic order and microstructure of L21 domains of Ni45Co5Mn36.6In13.4 ribbons are investigated comprehensively. The state of atomic order is quantitatively studied by in situ X-ray diffraction (XRD), and the microstructure of ordered domains is revealed by transmission electron microscopy (TEM). As-spun ribbons show B2 structure of low atomic order, exhibiting the dispersive L21 domains’ morphology. By applying heat treatment around the order–disorder transition temperature followed by furnace cooling or quenching into water, respectively, we found the strong dependence of ordered domains on cooling rates. Furnace cooling samples show L21 domains with small sized antiphase boundary, revealing a high degree of atomic order, while quenching hinders the formation of ordered domains. Annealing above the order–disorder transition temperature followed by quenching preserves the disordered atomic state with the mixture of L21 structure in B2 matrix.
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1. Introduction


Ni-Mn-X (X = In, Sn, Sb) ferromagnetic shape memory alloys (FSMAs) are a kind of Heusler alloys [1], which have been extensively investigated for a few decades due to their excellent physical properties such as long-range magnetic ordering [2], giant magnetoresistance [3,4], magnetocaloric effects [5] and a perfect shape memory effect induced by the magnetic field in Co doped Ni-Mn-X Heusler alloys [6]. The addition of Co to Ni-Mn-In alloys has enhanced the magnetism of the austenite and results in an increase in magnetization change (∆M) at martensitic transformation [7]. In these quaternary alloys, the entropy change (∆S) at the transformation and the physical properties strongly vary with atomic order [8,9]. The typical stoichiometric Heusler composition is X2YZ, showing the L21-ordered crystal structure (space group   Fm  3 ¯  m  ) with next-nearest-neighbor atomic order indicted by (111), (311) and (331) superlattice reflections [10]. This face-centered (fcc) superlattice structure consists of eight body-centered cubic (bcc) sublattices. In each unit, the X atoms locate at the cubic sublattice, while the body-centered position is regularly occupied by Y and Z atoms, composing a YZ sublattice [10,11]. However, if Y and Z atoms are randomly distributed at body-centered positions, a disorder in YZ sublattice appears, generating a CsCl-type B2-ordered structure (space group   Pm  3 ¯  m  ) with next-neighbor atomic order [11,12]. Moreover, the L21 ordering parameter (SL21) of the parent phase is estimated by the ratio of (111) superlattice reflection intensity and fundamental reflection from XRD diffraction patterns [13]:


   S  L 21     = [    I   (  111  )   S  /  I   (  220  )   f     I  O    (  111  )   S  /  I  O    (  220  )   f     ]  1 / 2    



(1)




where    I   (  111  )   S  /  I   (  220  )   f    is an experimentally obtained intensity ratio,    I  O    (  111  )   S  /  I  O    (  220  )   f    is the perfect-ordered L21 structure intensity ratio. By applying heat treatment to obtain the L21 phase, the evolution of atomic order produces the antiphase boundary (APB), which are the B2 regions [14,15]. APB is the planar defect in which the atomic order is close to B2 structure and is adjacent to the highly-ordered L21 domains [16]. It is reported that the L21 domains and B2 regions formed in solution treated Ni-(Co)-Mn-In alloys observed by dark-field TEM images demonstrate unique microstructural morphology, and this microstructure defect influences martensitic transformation characteristics [17].



Ribbons produced by melt spinning techniques show homogeneous chemical composition and preferred orientated columnar crystal [18]. However, the long-range atomic diffusion has been hindered during the non-equilibrium solidification process, of which the cooling rate is on the order of 104–106 K/s [19]. The disordered atom occupancies of as-spun ribbons can be modified by ordering transition through annealing with different temperatures and applying different cooling rates [20]. The morphology of L21 domains is also correlated with atomic order. Therefore, in this paper, we have studied the influence of annealed temperature, cooling rates on ordering transition and the mechanism of atomic order state on the L21 domains’ morphology.




2. Materials and Methods


The Ni45Co5Mn36.6In13.4 as-cast ingots prepared by arc melting in an argon atmosphere were electrical-discharge machined into small bulks for melt spinning and homogenized treatment. A part of the as-cast bulks was melted by electromagnetic induction and then ejected onto water cooling copper wheel with rotating linear speed of 15 m/s. The remaining bulks were annealed at 1173 K for 12 h, followed by quenching in ice water. Then, half of the annealed bulks were ground into powders and annealed at 1173 K for 8 h with furnace cooling to obtain equilibrium state, while half of the annealed bulks were annealed at 850 K for 80 h with furnace cooling further in order to obtain a fully ordered L21 structure. The state of atomic order was modulated by annealing with two different cooling rates in the ribbons. Thus, as-spun ribbons were annealed for 2 h at 700 K, 800 K, 900 K, 1000 K and 1100 K followed by ice-water quenching (QW) and furnace cooling (FC), respectively. The order–disorder transition temperature (   T t  B 2 / L  2 1     ) was determined by Netzsch STA 449 F5 Jupiter® Differential Scanning Calorimetry (DSC, NETZSCH204F1, NETZSCH-Gerätebau GmbH, Selb, Germany), and the heating/cooling rate was 20 K/min. In addition, in situ XRD experiment (D8 advance, Bruker, Bremen, Germany) was performed on Ni-(Co)-Mn-In powders made from as-cast ribbons with Cu Kα radiation in high vacuum. It was conducted at a heating rate of 10 K/min and scanning speed of 3°/min with a 0.02° stepsize and temperature ranged from 700 to 1100 K. In order to determine the atomic order state of the FC and QW ribbons, XRD (X’Pert PRO MPD, Malvern Panalytical, Almelo, the Netherlands) tests were carried out at room temperature (RT) with a scanning speed of 5°/min and step size of 0.03°. Observation of L21 domains was observed by using Transmission Electron Microscopy (TEM, Tecnai F30Gʹ, FEI, Hillsboro, OR, USA). The TEM samples were prepared by using a twin-jet electropolishing unit operated at 15 V and 100 mA in the temperature range of 283–288 K, with a solution of 70 vol% ethanol and 30 vol% nitric acid.




3. Results and Discussion


3.1. Structure Evolution


The in situ XRD analysis of Ni45Co5Mn36.6In13.4 powder in the heating process is shown in Figure 1a, and the (111) reflections of the fully ordered bulk, which is subjected to long time annealing, is shown in the inset. The disappearance of (111) reflections at 1000 K and 1100 K indicates that the order–disorder transition is between 900 K and 1000 K. DSC heating curve of as-spun ribbons annealed at 1173 K for 1 h is shown in Figure 1b. Comparing it with the in situ XRD analysis, the exothermic peak detected at 950 K corresponds to the transition from B2 to L21 phase (   T t  B 2 / L  2 1     ). This is consistent with the previous results of    T t  B 2 / L  2 1     , ranged between 800 K and 1100 K in Ni-Mn-In alloys [21]. Table 1 lists the degree of L21 atomic order in in situ heating processes of Ni-Co-Mn-In alloys, which is calculated from Equation (1). SL21 at 700 K, 800 K and 900 K increases with the increase in temperature, which is due to a thermally induced ordering transition from B2 structure to L21 highly-ordered structure. Moreover, there is no SL21 value at 1000 K and 1100 K due to the disappearance of (111) reflections in XRD, suggesting that the atomic diffusion inclines to form short-range atomic order (B2 structure), as the heating temperature is higher than    T t  B 2 / L  2 1     . Figure 1c,d are XRD analyses of (111) reflections of Ni-(Co)-Mn-In ribbons at RT. The supercooling of melt spinning technique considerably suppresses the ordering transition and partially retains the low atomic order state (B2 structure) to RT phase of as-spun ribbons. Being subjected to heat treatment, the L21 structure is observed in ribbons. On the other hand, in the QW1000 K and 1100 K samples, the vanishing of (111) peak agreed with the in situ XRD results. The disordered atomic state of as-spun ribbons is preserved and may be even further evolved by the thermal effect.




3.2. Domains Evolution


Figure 2 shows the dark-field TEM images taken from Ni-(Co)-Mn-In ribbons, and the inset of each image is the corresponding SAD along (   1 ¯  10  ) zone axis of the bright domains in the image, which are referred to L21 domains. As-spun ribbons show very weak (111) superlattice reflection (inset of Figure 2a), with the small L21 domains which are dispersedly distributed in observed regions (Figure 2a). The mixture of B2 and L21 regions of as-spun ribbons explains that it is difficult to completely inhibit ordering transition during the rapid quenching and small L21 domains induced. While the samples are heated up to the temperature at which the atomic diffusion becomes stronger, the disordered state is modified [22]. However, the L21 domains’ morphology of QW700 K samples is roughly the same as those of as-spun ribbons (Figure 2a,b). This suggests that heat activation at 700 K is weak, which cannot satisfy the diffusion activation energy, and has less effect on modifying the ordering domains. The size of L21 domains increases with quenched temperature between 700 K and 900 K (Figure 2b–d). Thus, the increased atomic order parameter of SL21 in in situ heating process is related to the variation of L21 domains with increasing quenched temperature below      T   t  B 2 / L  2 1      (950 K). Quenching above    T t  B 2 / L  2 1     , i.e., at 1000 K and 1100 K, tends to preserve the B2 regions and significantly inhibit the formation of L21 domains. Consequently, dispersive small L21 domains are shown in QW1000 and 1100 K ribbons (Figure 2e,f), which represent a comparatively low degree of atomic order. On the contrary, the ordering transition takes place during the slow cooling process (related with FC ribbons) and L21 domains grow further. Therefore, the volume fraction of L21 domains increases with the increased annealed temperature, as shown in Figure 2g,k. Comparing the microstructure of ribbons with annealing followed by quenching in water (QW) or furnace cooling (FC), the atomic order domains are also different due to the difference in atomic diffusion during cooling, especially for the ribbons heating at 1000 K and 1100 K. The L21 domains of FC1000 K and FC1100 K ribbons are larger than those of the QW1000 K and QW1100 K ribbons, respectively. This is because the atomic diffusion rate of furnace cooling is larger than that of quenching in water, and the low degree of order in higher temperature is maintained by quenching [23,24]. In addition, the insets in Figure 2 are the selected area electron diffraction along [   1 ¯  10  ] zone axis in the L21 domain of each image. Similarly, domain morphology changes and (111) superlattice diffraction have also been reported by N.M. Bruno et al. in which the domain size changes with the increase in annealing time [17].





4. Conclusions


The atomic order and ordering domains morphology were analyzed as a function of annealed temperature and cooling rates, and the results are as follows:




	
The evolution of atomic order is attributed to the atomic diffusion occurred in APB, revealed by L21 domains’ morphology. In situ XRD results indicate that the intensity of (111) reflection is related to the degree of order, which is in accordance with the SAD results.



	
Due to the rapid quenching process, the as-spun ribbons possess B2 structures with small L21 domains dispersedly distributed in it. Quenching above    T t  B 2 / L  2 1      prevents the formation of L21 domains and form the B2 structure with a lower degree of order. On the other hand, when annealing at temperatures below    T t  B 2 / L  2 1      followed with quenching, large L21 domains are observed, and the size of the domains increases with the increase in temperature.



	
The evolution of L21 domains’ morphology has a strong dependence on the cooling rates. Atomic order can be further modified during slow cooling process. Ribbons heating at temperatures higher than    T t  B 2 / L  2 1      with furnace cooling or quenching in water demonstrate different microstructure as observed by TEM. Low cooling rates greatly promote the formation of L21 domains with higher degree of order.



	
The martensitic transformation of Ni-Mn-In alloy depends on its degree of order. Different from other shape memory alloys, B2 structure is better for the martensitic transformation. Therefore, the effect of heat treatment on atomic number discussed above provides a reference to the investigation of Ni-Mn-In alloys series.
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Figure 1. (a) (111) reflections of in situ heating powder XRD (X-ray diffraction) analysis. The inset is the (111) reflection of long-time annealed Ni45Co5Mn36.6In13.4 ribbons. (b) DSC (Differential Scanning Calorimetry) heating curves of Ni45Co5Mn36.6In13.4 ribbons and the transition temperatures were determined by tangent method on the endothermic peak. (c) (111) reflections of XRD analysis of as-spun and QW (ice-water quenching) Ni45Co5Mn36.6In13.4 ribbons and (d) that of as-spun and FC (furnace cooling) Ni45Co5Mn36.6In13.4 ribbons. 
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Figure 2. The dark-field images using (111) reflection taken from Ni45Co5Mn36.6In13.4 ribbons for (a) as-spun, quenched at (b) 700 K, (c) 800 K, (d) 900 K, (e) 1000 K and (f) 1100 K; and annealed at (g) 700 K, (h) 800 K, (i) 900 K, (j) 1000 K and (k) 1100 K, respectively. Inset of each of image is the corresponding SAD patterns along (   1 ¯  10  ) zone axis of the bright domains in the dark field image. 
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Table 1. L21 atomic order parameters obtained from in situ XRD (X-ray diffraction) analysis.
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	Temperature
	700 K
	800 K
	900 K
	1000 K
	1100 K





	Atomic order parameter
	0.62
	0.84
	0.88
	-
	-
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