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Abstract

:

Heat treatments after cold rolling for TiNiFe shape-memory alloys have been compared. After EBSD analysis and as calculated by the Avrami model and Arrhenius equation, the relationship between the heat-treatment temperature and manufacturing time of TiNiFe alloys is established. Through calculation, it can be found that TiNiFe alloys can obtain similar microstructures under the annealing processes of 823 K for 776 min, 827 K for 37 min, and 923 K for 12.5 min. And the recrystallization fractions are all around 50%. Nevertheless, the tensile properties and recovery stress of the alloys show almost similar values. And based on the feasibility of the annealing process, it is believed that annealing at 873 K for 37 min is the optimal choice to obtain a recrystallization fraction φR = 50%.
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1. Introduction


TiNi shape-memory alloys (SMAs), as important functional materials, are widely used for actuators, coupling joints, aircraft structures, orthodontic appliances, sensors and so on, because of their excellent shape-memory effect (SME) and superelasticity (SE) [1,2,3]. Both SME and SE are based on the martensitic transformation. When the ambient temperature is below the martensitic transformation start temperature (Ms), the alloy will show SME, while when the ambient temperature is above its austenitic transformation finish temperature (Af) and under proper external stress, martensitic transformation will occur, the product of which is named stress-induced martensite (SIM), and the SMA will present SE [4,5,6,7]. Most studies have focused on TiNi binary alloys, while the addition of the Fe element can replace Ni atoms in TiNi unit cells and form an intermetallic compound, leading to lattice distortion and atomic relaxation [8,9]. TiNiFe alloys also have good SME and mechanical properties, besides an extremely low martensitic-transformation temperature [10,11]. There are significant differences in the mechanical properties of TiNiFe alloys at different deformation temperatures and TiNiFe alloys will show a characteristic of multiple steps in phase transformation [12,13]. In addition, the heat-treatment temperature has an effect on the phase-transformation temperature of the TiNiFe alloy and its texture [14]. Cold working can introduce a large number of defects to improve both the strength of the TiNiFe alloy at room temperature and the SME at low temperature [15,16,17,18]. However, the cold-working process will also lead to a sharp decrease in the plasticity of the alloy [7,19]. TiNiFe SMA is a kind of alloy which cannot be strengthened by solution strengthening. Due to work hardening, the TiNiFe alloy is difficult to work cold [16]. Only an appropriate annealing process can make the alloy have excellent plasticity while maintaining a high SME and good mechanical properties [8]. The grain morphology and orientation of the TiNiFe alloy after cold working change dramatically. At the same time, there is no dynamic recovery (DRV) or dynamic recrystallization (DRX) in the cold-working process, and there are defects such as high-density dislocations in the alloy after cold working, which will cause a failure in the specific process used [19]. Therefore, annealing after cold working is particularly important. It was reported that annealing at different times and temperatures could lead to ‘equivalent’ treatments, which would present the alloy as having similar grain morphology and mechanical properties under different annealing processes [20].



TiNiFe alloys annealed after cold working will undergo three stages: recovery, recrystallization and grain growth [21]. And the annealing process can be related to the Arrhenius law and the recrystallization fraction can be related to the Avrami equation. Therefore, an annealing treatment can be obtained with different couples of time–temperature annealing processes through the above two laws.



In this paper, three ranges of different annealing processes have been performed and the mechanical properties, grain morphology and the recrystallization fractions have been compared. From the experimental results, the relationship between the annealing process and recrystallization have been established. And this paper will provide guidance for the control of the alloy recrystallization process by heat treatment.




2. Materials and Methods


TiNiFe alloy ingot was prepared by vacuum induction melting, and the 150 mm × 30 mm × 1.1 mm sheet was obtained after cold rolling, and the total reduction of TiNiFe alloys was 27%. The chemical composition of the material is given in Table 1.



To study the effect of annealing process on the microstructures and properties of TiNiFe alloy, the cold-rolled TiNiFe alloy sheets were held at different times t and for three temperatures T. And they were divided into three different ranges, range I for low annealing temperature, range II for medium annealing temperature and range III for high annealing temperature. Details of these ranges are shown in Table 2.



For microstructure observations, the TiNiFe sheet was wire cut into 5 mm (along the rolling direction) × 4 mm specimens, which were sandpapered and polished by Struers OP-S to mirror-like metallic luster. The microstructure observation and the Electron Backscattered Diffraction (EBSD) were carried out by JEOL JSM-7900F with EBSD probe. And EBSD data was analyzed by TSL-OIM software v7.3.1.



MTS E45.105 electronic testing machine (MTS, Eden Prairie, MN, USA) was used for mechanical properties tests. The tensile test samples were prepared by wire cutting from the cold-rolled alloy sheet, the tensile properties at room temperatures were tested with an initial strain rate of 5 × 10−4 s−1. As shown in Figure 1, the length of gauge section was 30 mm, and the width was 4 mm. An environmental chamber was equipped for recovery tests; the environmental chamber could provide a temperature condition within the range of 87 K to 773 K. The liquid nitrogen and heating wire was used to adjust the temperature in the chamber. The TiNiFe alloy tensile samples were firstly pre-strained by 8% at 87 K with a quasi-static strain rate of 5 × 10−4 s−1, after that they were unloaded to free and maintain the strain at this time, and then heated at the rate of 10 K/min for constrained recovery to determine the recovery stress.




3. Recrystallization Model Results


Recrystallization kinetics depend on the nucleation rate N and growth rate G. Meanwhile, static recrystallization is actually related to both temperature T and annealing time t. Through the Johnson–Mehl formula [22]:


    φ   R    = 1    −    exp        −  π N    G   3     t   4      /  3      



(1)




the recrystallization fraction φR after t time at temperature T can be found. But the nucleation rate N is not invariable. Therefore, the Johnson–Mehl formula needs to be modified.



The kinetics of static recrystallization are usually well described by the Avrami model which is derived from the Johnson–Mehl formula [22,23]:


    φ   R    = 1    −    exp    − B   t   K      



(2)




where t is the annealing time at a constant temperature T, and K and B are constants. Taking a logarithm on both sides, we obtain:


    lg  ⁡    ln  ⁡       ( 1   /     1    −   φ   R          = l g B + K l g t       



(3)




where the slope is K, and the intercept is   l g B  , by plotting the     lg  ⁡    ln  ⁡      1  /     1    −   φ   R            −  l g t       figure.



In addition, the effect of isothermal temperature on the recrystallization rate   υ   can be expressed by the Arrhenius equation and Avrami model [23,24,25]:


   υ     = A e x p  ( −  Q / ( RT ) )   



(4)




and the recrystallization rate   υ   is inversely proportional to the time t required to produce a certain volume fraction φR, so:


   1 /   t     =  A ′    e x p  ( −  Q / ( RT ) )   



(5)




where A′ is constant, Q is the activation energy of recrystallization, R is the gas constant, and T is the thermodynamic temperature. Taking a logarithm on both sides of the above Formula (5) we obtain:


    1  /  T    =       2.3 R   /  Q   × lg   A   ′    +     2.3 R   /  Q      ×   l g  t  



(6)




and the recrystallization fraction φR = 50% is often used for plotting the figure, where the slope is 2.3R/Q. With this method, the activation energy of recrystallization Q is a constant value. All the parameters can be determined to obtain the following formula:


      t   1    /    t   2      = e x p    −     Q  /  R         1  /    T   2       −   1  /    T   1          



(7)




and this formula can be used to calculate the time required to obtain the same recrystallization fraction at different annealing temperatures.




4. Results and Discussion


4.1. Analysis of the Recrystallization Process


EBSD analysis was used to calculate TiNiFe alloy recrystallization fractions. EBSD Grain Orientation Spread (GOS) figures are shown from Figure 2, Figure 3 and Figure 4. The recrystallization fraction can be calculated from the EBSD-GOS figures. In our experimental works, by analyzing GOS statistical results and the GOS figures, the recrystallization is considered to occur when the GOS is less than 2, recovery grains are marked for 2 to 7 and deformed grains are marked for 7 to higher. When the annealing temperature is at range I (low annealing temperature for 823 K), the recrystallization process of TiNiFe alloys is extremely slow. It can be clearly seen from Figure 2 that with the increase in annealing time to 300 min, most grains have undergone the recovery process and tended to start the recrystallization process. As the time increases to 1440 min, almost all the grains have been recrystallized. When the annealing temperature reaches range II (medium annealing temperature for 873 K), as shown in Figure 3, the recrystallization inoculation period is short. And severe recrystallization occurs in the alloy after annealing for 30 min. As the time increases to 60 min, only large grains with a small local strain have not been recrystallized. With further annealing to 120 min, the alloy is mainly composed of equiaxed recrystallized grains. As indicated in Figure 4, when the annealing temperature reaches range III (high annealing temperature for 923 K), in particular, recrystallization is completed dramatically in a very short time, and with the increase in annealing time, the grain sizes show a growing trend.



The specific recrystallization fraction statistics of different heat-treatment ranges are shown in Table 3. In addition, it can be found from Figure 2, Figure 3 and Figure 4 that the annealing temperature has a strong effect on the recrystallization behavior of TiNiFe alloys. And there is an important relationship between the recrystallization and the local deformation of grains.




4.2. Application of the Recrystallization Model


Based on the EBSD−GOS, the recrystallization fractions can be obtained from Table 3. The experimental data of Table 3 are fitted to Equations (2) and (3) which have taken logarithms on both sides. As shown from Figure 5, the agreement between the experimental points and the calculations by Equation (3) is perfect. The relationship between static recrystallization and annealing time at three different heat−treatment temperatures can be known from the fitting results; the Avrami models of three different ranges are shown in Table 4.



From the Avrami models above (Equations (8)–(10)), the time required when the recrystallization fraction φR = 50% at different temperatures can be calculated as shown in Table 5. And the annealing time t which is calculated from Equations (8)–(10) is brought into Equation (6) and the fitting result is shown in Figure 6. It can be seen from Figure 6 that the straight-line fitting results are highly matched with the previous calculation results.



So far, through EBSD−GOS analysis, Avrami model calculation and Arrhenius equation fitting of three groups of samples, we can obtain the following relationship:


    1  /  T   = 1.02   ×     10    − 3     + 6.902   ×      10    − 5      l g t  



(11)




where, at this time, the recrystallization fraction φR is 50%, and Q/R can be calculated from Equation (11). Thus, the activation energy of recrystallization Q is as follows: Q = 277.1 kJ. And when we substitute the Q value into Equation (7), the formula for obtaining the same microstructures at different constant heat−treatment temperatures of TiNiFe alloys can be formed like this:


      t   1    /    t   2     = e x p   − 33323.7   ×     1  /    T   2     −   1  /    T   1          



(12)




where t1 and t2 are the annealing time and T1 and T2 are the annealing temperature. From Equation (12), when the recrystallization condition of the alloy at a certain temperature and time is known, the different heat−treatment methods required to achieve the same microstructure can be obtained by calculation.




4.3. Model Validation


To verify the accuracy of the calculation results, samples of the calculated recrystallization fraction φR = 50% were heat treated according to Table 5. It can be found from the EBSD grain maps that, after the calculated annealing treatment, the grains were mainly fine equiaxed grains, accompanied by some elongated deformed grains along the cold−rolling direction, as shown in Figure 7. Average grain sizes among the three calculated heat treatments are as shown in Figure 8. When annealed at 873 K for 37 min, the average grain size of the TiNiFe alloy is finest (the average grain size is 4.2 μm), as shown in Figure 8b. Meanwhile, the average grain size of the TiNiFe alloy annealed at 823 K for 776 min (the average grain size is 6.1 μm) is slightly coarser than the alloy annealed at 923 K for 12.5 min (the average grain size is 5.2 μm), and the total number of grains with a size less than 5 μm in the former is significantly higher than that in the latter.



Based on the EBSD−GOS figures, as shown in Figure 9, the recrystallization fractions can be calculated. Three groups of heat−treated samples at different temperatures can obtain approximately the same structure and recrystallization ratio. The calculated recrystallization fraction φR = 50%, and the experimental results are 53.1% at 823 K for 776 min, 52.4% at 873 K for 37 min and 61.9% at 923 K for 12.5 min, as shown in Table 6. The deviations of 823 K and 873 K are less than 5%, and the deviation of 923 K is slightly higher, which is due to the high annealing temperature and the recrystallization process occurring rapidly, resulting in experimental errors. It can be considered that the microstructure (recrystallization fraction) of the alloy meets the calculated formula as shown in Equation (12).



Figure 10 shows the mechanical properties of TiNiFe alloys with different heat treatments as calculated by the Avrami model and Arrhenius equation. From Figure 10, it is illustrated that the tensile strength and yield strength of calculated heat−treatment samples have similar values; the highest tensile strength and yield strength both occur at 873 K for 37 min, and the lowest occur at 923 K for 12.5 min. And Figure 10 also shows the elongation of calculated heat−treatment samples, and all the elongations of heat−treated TiNiFe alloys are close.



It can be seen from Figure 7 and Figure 9 that although the recrystallization fractions of TiNiFe alloys with different annealing treatments are similar, there are still differences in the mechanical properties. This is due to the difference in average grain size among the three calculated heat treatments, as shown in Figure 8. The TiNiFe alloy with the finest grains was annealed at 873 K for 37 min, and the fine-grain strengthening mechanism enhanced the mechanical properties and microhardness. And the reason why alloys annealed at 823 K for 776 min have better mechanical properties and microhardness than alloys annealed at 923 K for 12.5 min is that, although the average grain size of the latter is finer than the former, the former has more ungrown recrystallized grains, which can be seen in Figure 8a which shows a large number of grains with a size less than 5 μm. Therefore, the mechanical properties of alloys annealed at 823 K for 776 min were superior to alloys annealed at 923 K for 12.5 min.



Figure 11 shows the recovery stress of the TiNiFe alloy with different heat treatments calculated by the Avrami model and Arrhenius equation. It can be found that the recovery stresses of all the heat treatments as calculated by the Avrami model and Arrhenius equation have similar values. However, as shown in Figure 11, the TiNiFe alloy shows the highest recovery stress after annealing at 873 K for 37 min, and the lowest at 923 K for 12.5 min. This is also related to the grain size shown in Figure 8 above, which indicated that a finer average grain size will result in higher recovery stress in TiNiFe alloys. Therefore, it can be verified that the alloys have similar shape−memory effects under the calculated heat−treatment processes.



The three annealing processes can all obtain similar microstructures and properties, but based on the feasibility of the annealing process, it is believed that annealing at 873 K for 37 min is the optimal annealing process with a recrystallization fraction φR = 50%.





5. Conclusions


Through this study, it is possible to calculate the heat−treatment process for obtaining similar microstructures under known heat−treatment processes, and to provide guidance for the equivalent heat treatment on the microstructure control of cold−rolled TiNiFe alloys.



	1.

	
The formula for obtaining similar microstructures at different constant heat−treatment temperatures of TiNiFe alloys can be formed as Equation (12).




	2.

	
We analyzed and established prediction formulas for the microstructure of cold−rolled TiNiFe alloys at commonly used annealing temperatures (823 K, 873 K and 923 K), providing theoretical guidance for calculating the microstructure at different annealing times at commonly used heat−treatment temperatures.




	3.

	
After the calculated annealing treatment, cold−rolled TiNiFe alloy sheets have similar microstructures and properties but the sample annealed at 873 K for 37 min has superior microstructures (average grain size is 4.2 μm) and properties (superior TS, YS, EL and recovery stress). Considering the feasibility of the annealing process, annealing at 873 K for 37 min is the optimal annealing process for obtaining a 50% recrystallized structure.
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Figure 1. Schematic diagram of tensile samples (unit: mm). 
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Figure 2. EBSD-GOS maps of TiNiFe alloy used for Avrami model and Arrhenius equation which were annealed at 823 K for different times. Annealed at 823 K for (a) 300 min; (b) 360 min; (c) 720 min; (d) 1440 min. 
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Figure 3. EBSD-GOS maps of TiNiFe alloy used for Avrami model and Arrhenius equation which were annealed at 873 K for different times. Annealed at 823 K for (a) 15 min; (b) 30 min; (c) 60 min; (d) 120 min. 
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Figure 4. EBSD-GOS maps of TiNiFe alloy used for Avrami model and Arrhenius equation which were annealed at 923 K for different times. Annealed at 923 K for (a) 5 min; (b) 15 min; (c) 30 min. 
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Figure 5. Linear fitting for Avrami models of range I (823 K), range II (873 K) and range III (923 K): (a) range I for annealed at 823 K; (b) range II for annealed at 873 K; (c) range III for annealed at 923 K. 
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Figure 6. Linear fitting for Arrhenius equation. 
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Figure 7. EBSD grain maps of experimental results of recrystallization fractions. The annealing treatments are calculated by Avrami model and Arrhenius equation: (a) range I for 823 K, and the annealing time calculation result was 776 min; (b) range II for 873 K, and the annealing time calculation result was 37 min; (c) range III for 923 K, and the annealing time calculation result was 12.5 min. 






Figure 7. EBSD grain maps of experimental results of recrystallization fractions. The annealing treatments are calculated by Avrami model and Arrhenius equation: (a) range I for 823 K, and the annealing time calculation result was 776 min; (b) range II for 873 K, and the annealing time calculation result was 37 min; (c) range III for 923 K, and the annealing time calculation result was 12.5 min.



[image: Materials 16 07395 g007]







[image: Materials 16 07395 g008] 





Figure 8. Histograms of the grain sizes and the average grain size (Avg.) of TiNiFe alloy (calculated by EBSD analysis): (a) 823 K for 776 min; (b) 873 K for 37 min; (c) 923 K for 12.5 min. 
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Figure 9. EBSD−GOS maps of experimental results of recrystallization fractions. The annealing treatments are calculated by Avrami model and Arrhenius equation: (a) range I for 823 K, and the annealing time calculation result was 776 min; (b) range II for 873 K, and the annealing time calculation result was 37 min; (c) range III for 923 K, and the annealing time calculation result was 12.5 min. 
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Figure 10. Tensile stress (TS), yield stress (YS) and elongation (EL) of TiNiFe alloy φR = 50% with different annealing treatments. The annealing treatments are calculated by Avrami model and Arrhenius equation. 






Figure 10. Tensile stress (TS), yield stress (YS) and elongation (EL) of TiNiFe alloy φR = 50% with different annealing treatments. The annealing treatments are calculated by Avrami model and Arrhenius equation.
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Figure 11. Recovery stress of TiNiFe alloy with different annealing treatments. 
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Table 1. Chemical compositions of TiNiFe alloys.






Table 1. Chemical compositions of TiNiFe alloys.





	Element
	Fe
	Ni
	C
	O
	Ti





	Content(wt.%)
	3.27
	52.16
	0.028
	0.031
	Bal.










 





Table 2. Heat-treatment processes of TiNiFe alloys.






Table 2. Heat-treatment processes of TiNiFe alloys.





	

	
Annealing Temperature T (K)

	
Annealing Time t (min)






	
Range I

(Low annealing temperature)

	
823

	
300

	
360

	
720

	
1440




	
Range II

(Medium annealing temperature)

	
873

	
15

	
30

	
60

	
120




	
Range III

(High annealing temperature)

	
923

	
5

	
15

	
30











 





Table 3. Recrystallization fraction (GOS < 2) of TiNiFe alloys after different heat-treatment processes.






Table 3. Recrystallization fraction (GOS < 2) of TiNiFe alloys after different heat-treatment processes.





	
Annealing Temperature

T (K)

	
Annealing Time

t (min)

	
Recrystallization Fraction (GOS ≤ 2)

φR






	
823

(Range I)

	
300

	
13.2%




	
360

	
19.5%




	
720

	
33.0%




	
1440

	
91.0%




	
873

(Range II)

	
15

	
17.3%




	
30

	
42.2%




	
60

	
79.8%




	
120

	
92.9%




	
923

(Range III)

	
5

	
12.7%




	
15

	
77.7%




	
30

	
87.5%











 





Table 4. Avrami model of different ranges of heat−treatment processes.






Table 4. Avrami model of different ranges of heat−treatment processes.





	Annealing Temperature T (K)
	Avrami Model





	823

(range I)
	         lg  ⁡    ln  ⁡      1  /     1    −   φ   R          =  −  5.07602 + 1.69928   l g t        ( 8 )       



	873

(range II)
	         lg  ⁡    ln  ⁡      1  /     1    −      φ    R          =  −  2.19779 + 1.29717   l g t        ( 9 )       



	923

(range III)
	         lg  ⁡    ln  ⁡      1  /     1    −   φ   R          =  −  1.89496 + 1.58515   l g t        ( 10 )       










 





Table 5. The time required when the recrystallization fraction φR = 50%.






Table 5. The time required when the recrystallization fraction φR = 50%.





	Annealing Temperature T (K)
	Annealing Time lgt
	Annealing Time t (min)





	823 (range I)
	2.89
	776



	873 (range II)
	1.57
	37



	923 (range III)
	1.10
	12.5










 





Table 6. Experimental results of recrystallization fractions φR = 50% and deviations from calculated results.






Table 6. Experimental results of recrystallization fractions φR = 50% and deviations from calculated results.





	Annealing Temperature

T (K)
	Annealing Time

t (min)
	Recrystallization Fraction

φR
	Deviation from φR = 50%





	823 (range I)
	776
	53.1%
	3.1%



	873 (range II)
	37
	52.4%
	2.4%



	923 (range III)
	12.5
	61.9%
	11.9%
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