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Abstract

:

Hot deformation behavior of Nb-contained 316LN was investigated using a series of compression tests performed on a Gleeble-1500D simulator at temperature of 950–1200 °C and strain rate of 0.01~1 s−1. Based on the strain compensation method, a modified Arrhenius constitutive model considering the comprehensive effects of temperature, strain rate, and strain on flow stress was established, and the accuracy of the proposed model was evaluated by introducing correlation coefficient (R) and average relative error (AARE). The values of R and AARE were calculated as 0.995 and 4.48%, respectively, proving that the modified model has a high accuracy in predicting the flow stress of Nb-contained 316LN. The microstructure evolution and the dynamic recrystallization (DRX) mechanism of the experimental material were explicated by optical microscopy (OM), electron back scattered diffraction (EBSD), and transmission electron microscopy (TEM). It was found that continuous dynamic recrystallization (CDRX) characterized by subgrain evolution and discontinuous dynamic recrystallization (DDRX) featured by grain boundary nuclei are two main dynamic recrystallization (DRX) mechanisms of Nb-contained 316LN. Furthermore, based on the results of microstructure analyses, optimum parameters were obtained as temperature ranges of 1100~1200 °C and strain rate ranges of 0.01~1 s−1.
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1. Introduction


316LN is a kind of single phase austenitic stainless steel with low stacking fault energy (SFE). It is widely used in nuclear power plant components for good performance on thermal mechanical properties, corrosion resistance, irradiation resistance, and welding [1,2,3,4,5,6]. Carbide and nitride precipitation (such as Cr23C6, Cr2N) during service process lead to a reduction of corrosion resistance and creep rupture ductility [7]. So Nb element is often added to stabilize C and N. Literatures [8,9,10] have shown that precipitation of the Z phase (a complex nitride phase), due to the addition of Nb, causes significant improvement in both creep strength and corrosion resistance of 316LN.



As the large size and complex manufacturing of nuclear power plant components, numerical simulation combined with constitutive models are usually used to predict material flow behavior under different deformation conditions. Therefore, the accuracies of constitutive models have great influences on the reliability of simulation. Constitutive models describe the relationship between flow stress and deformation parameters. In recent years, several constitutive models have been proposed, which can be classified into three types: the phenomenological based model [11,12,13], the physical based model [14,15,16], and the artificial neural network (ANN) model [17,18,19]. Due to high computational complexity of physical models and the requirement of a large number of training samples in ANN models, phenomenological models are widely used as the effective constitutive model. The Arrehenius hyperbolic sine equation is a typical representative of phenomenological models. However, it only considers the effects of temperature and strain rate on flow stress and ignores the effect of strain. Lin et al. [20] proposed a modified Arrehenius constitutive model based on the compensation of strain. This model was utilized to predict the flow behavior of stainless steel [21,22], Ni-based superalloys [23,24], aluminum alloys [25], and magnesium alloys [26]. Therefore, in order to obtain an accurate constitutive model to describe the hot deformation behavior of Nb-contained 316LN, the strain compensation modified Arrehenius model was introduced in the present research.



As the strict quality requirement of nuclear power equipment, its manufacture usually adopts hot forging. During the hot forging process, the work piece undergoes changes in both shape and microstructure. It is essential to make clear the microstructure evolution mechanisms during the deformation process to obtain a desired microstructure in the component [27]. It is well known that the main softening mechanisms during hot working are dynamic recrystallization (DRX) and dynamic recovery (DRV) [28], and which softening mechanism dominates is closely related to the SFE of material [29]. For materials with high SFE, e.g., Al, Ti, and ferritic steels, DRV dominates the microstructural evolution process, and the DRX is hindered by stable dislocation substructures caused by DRV. In contrast, for materials with low SFE, e.g., Cu, Ni-based super alloys and austenitic stainless steel, dislocation cross-slip is limited, while DRX is more prevalent [30]. The SFE of Nb-contained 316LN is low, and thus DRX occurs readily during hot working. Therefore, in the current study, the DRX mechanism under various deformation conditions was investigated in detail to understand the microstructure evolution of Nb-contained 316LN.



Process parameters are the key to control the microstructure and properties of hot forged products. Unreasonable parameters result in bad mechanical properties and affect the service performance, so, it is necessary to optimize process parameters for effective production. As the manufacturing process of nuclear power plant products requires multiple heat processes and deformation paths, the stress state is complex, thus the real microstructure evolution mechanism is difficult to understand. Therefore, simple compression tests with actual manufacturing process parameters were used in the present study to investigate the microstructure evolution of Nb-contained 316LN.



In this study, hot compression tests of Nb-contained 316LN were conducted on a Gleeble-1500D thermal simulator. A strain compensation constitutive model for Nb-contained 316LN was established, and accuracy of the model was evaluated. In addition, the microstructure evolution of Nb-contained 316LN was observed by optical microscopy (OM), electron back scattered diffraction (EBSD), and transmission electron microscopy (TEM). Finally, based on the microstructure analyses, process parameters for practical manufacture were optimized.




2. Materials and Methods


Nb-contained 316LN with a chemical composition 0.027%C-16.886%Cr-12.554%Ni-2.096%Mo-1.183%Mn-0.691%Si-0.104%N-0.091%Nb-0.089%Cu-Fe was used in the current experiment. Cylindrical specimens with 8 mm in diameter and 12 mm in height were machined. Graphite flake was used to reduce the friction between the specimen’s surface and tooling head.



The compression tests were carried out on a Gleeble-1500D thermal simulator (Dynamic Systems Inc., Poestenkill, NY, USA) in the temperature range of 950~1200 °C and strain rate range of 0.01~1 s−1. Specimens were first heated to 1200 °C at 10 °C/s and held for 3 min, then cooled to compression temperature (950~1200 °C) at 5 °C/s, held for 1 min, and subsequently, compressed to a true strain of 0.8. Finally, the compressed samples were rapidly water quenched to keep the deformed microstructures.



Samples used for microstructure observation were taken from the deformation zone in the middle of specimens. For OM morphology, the surfaces of samples were grinded, polished to 2 μm grit diamond paste, and etched into a solution of 4 g CuSO4 + 20 mL HCl + 20 mL H2O at room temperature. The OM analysis was performed on a ZEISS-AXIO microscope (Carl Zeiss Inc., Jena, Germany). The EBSD samples were first mechanically grinded and then electrolytically polished using 10 vol PCT perchloric acid-90 vol PCT ethanol solution (Tianjin Guangcheng Chemical Reagent Co., Ltd., Tianjin, China) at 30 V for 30 s at room temperature. The EBSD analysis was executed on a ZEISS ULTRA 55 field-emission scanning electron microscopy (Carl Zeiss Inc., Jena, Germany) with a step size of 0.8 μm. For TEM analysis, thin foils were mechanically grinded, polished to a thickness of 50 μm and then electro-polished in a 10 vol PCT perchloric acid-90 vol PCT ethanol solution. TEM observation was carried out on a JEM F200 microscopy (JEOL Ltd., Tokyo, Japan) at 200 KV.




3. Results and Discussion


3.1. Hot Compression Deformation Behaviors


The true strain-true stress curves of Nb-contained 316LN at different deformation conditions are shown in Figure 1. It is noticeable that at different strains, the flow stress of curves show different characteristics. At the initial stage of deformation (with a small strain), the flow stress increased rapidly due to the rapid increase of dislocation density (caused by work hardening) in the material. Then, the increase speed of flow stress slowed down due to the softening effect of DRV. But the value of flow stress still increased because work hardening effect was far greater than the softening effect caused by DRV. As the strain continued to accumulate, the flow stress began to decrease and reached a steady stress state because the stored deformation energy was enough to accelerate DRX, which could consume dislocations by forming new recrystallized grains. It can be found that the ultimate shape of curves are determined by the competition between work hardening and DRX. At strain rate of 1 s−1, except for the curve of 1200 °C, all of the other curves were seen to be plateau-shaped, while at strain rates of 0.01 s−1 and 0.1 s−1, all of the curves first reached a peak value and then descended to a platform.



Further, it can be seen that the flow stresses of curves are sensitive to the deformation temperature and strain rate. Flow stress decreased with the increasing temperature and the decreasing strain rate. This is because at a certain strain rate, higher deformation temperatures resulted in greater dislocation activity, which could promote the nucleation and growth of DRX and reduce the value of flow stress. Moreover, when the deformation temperature was constant, there was enough time to complete the softening effect caused by DRX at lower strain rates, thus leading to the decrease in flow stress.



Therefore, it is essential to consider the comprehensive effects of strain, strain rate, and temperature on flow stress in the development of the constitutive model for Nb-contained 316LN.




3.2. Constitutive Model


3.2.1. Determination of Material Constants for the Constitutive Model


The Arrhenius equations are widely used to describe the relationship among flow stress, strain rate, and temperature; the equations can be expressed as [31]:


ε˙= A′σn′          for ασ<0.8,



(1)






ε˙= A″exp(βσ)      for ασ>1.2,



(2)






ε˙=A[sinh(ασ)]nexp(−Q/RT)   for all σ,



(3)




where ε˙ is the strain rate (s−1), σ is the flow stress (MPa), A′, A″, A, β, α, n′ and n are material constants, Q is the deformation activation energy (KJ/mol), R is the universal gas constant (8.314 J/(mol·K)), T is absolute temperature (K). In principle, the temperature of the work piece will rise due to adiabatic heating during deformation, especially at higher strain rates (≥1 s−1). But in the present research, the effect of aidabatic heating on flow stress was not considered.



For the determination of A″, A, β, α, n′, n and Q, the Zener-Hollomon parameter [32] was introduced:


Z=ε˙exp(Q/RT),



(4)







A true strain of 0.1, as an example, was used to express the solution process of the material constants and Q. First, taking the logarithm of both sides of Equations (1) and (2), Equations (5) and (6) could be obtained. Then, the constant n′, β were calculated through the mean slope of six lines in lnσ−lnε˙ and σ−lnε˙ plots as shown in Figure 2a,b. Based on α=β/n, the value of α at strain 0.1 was calculated as 0.0083.


lnε˙=lnA′+ n′lnσ,



(5)






lnε˙=lnA″+βσ,



(6)







Taking the logarithm of both sides of Equation (3), as shown below:


ln[sinh(ασ)]=1nlnε˙−1nlnA+QnRT,



(7)







According to the Equation (7), the constant n and Q were obtained, respectively, through the mean slope of lines in ln[sinh(ασ)]−lnε˙ and ln[sinh(ασ)]−1/T plots, as shown in Figure 2c,d.



By substituting Equation (4) to Equation (3), the Equation (8) could be obtained:


Z=ε˙exp(QRT)=A[sinh(ασ)]n,



(8)







Then, taking the logarithm of both sides of Equation (8), as shown below:


lnZ=lnA+nln[sinh(ασ)],



(9)







The constant A could be calculated through the intercept of the line in lnZ−ln[sinh(ασ)] plot, as shown in Figure 3.




3.2.2. Constitutive Model Base on Strain Compensation


Through the analysis of Section 3.1, it can be seen that strain has a great influence on flow stress of Nb-contained 316LN steel, so the strain compensation method was adopted in order to obtain an accurate material constitutive model. Based on the strain compensation theory proposed by Lin et al. [20], the effect of strain on flow stress is mainly reflected in material constants of the model. Hence, the values of material constants α, n, lnA and Q in the strain range of 0.1~0.8 with an interval of 0.1 were solved by the same means in Section 3.2.1. It can be seen from Table 1, the effect of strain on material parameters is significant. The relationships between material constants and strains are shown in Equation (10). Fifth order polynomials were used to fit each parameter. It is discernible from Figure 4 that the values of linear correlation coefficients because all curves are greater than 0.95.


{α=0.00985−0.0208ε+0.06027ε2−0.0663ε3+0.02214ε4+0.00321ε5n=6.95−14.36ε+58.05ε2−152.13ε3+184.76ε4−80.77ε5Q=557.64−876.29ε+5025.17ε2−14234.59ε3+17424.76ε4−7630.16ε5lnA=49.252−130.085ε+748.57ε2−2003.28ε3+2365.46ε4−1015.44ε5



(10)








3.2.3. Verification


According to Equations (3) and (4), the flow stress can be expressed as below:


σ=(1/α)ln{[(Z/A)2/n+1]1/2+(Z/A)1/n}



(11)







Since the values of α, n, lnA and Q at various strain could be calculated by Equation (10), the flow stress of the strain compensation constitutive model of Nb-contained 316LN at different conditions was obtained by substituting these material constants, temperature, and strain rate into Equation (11). Figure 5 shows the comparison between experimental flow stresses and predicted flow stresses calculated by the strain compensation constitutive model. It is evident that the predicted flow stress values are in good agreement with the experimental ones. In order to evaluate the accuracy of the proposed model, correlation coefficient R and average absolute relative error AARE [33] were introduced as shown in Equations (12) and (13).


R=∑i=1N(σei−σ¯e)(σpi−σ¯p)∑i=1N(σei−σ¯e)2∑i=1N(σpi−σ¯p)2



(12)






AARE=1N∑i=1N|σei−σpiσei|×100%



(13)




where σe is the real flow stress value obtained from compression experiment, σp is the predicted flow stress value based on the strain compensation constitutive model. σ¯e is the average value of σe, σ¯p is the average value of σp, N is the total amount of data.



As shown in Figure 6, the values of correlation coefficient R and average relative error AARE were calculated as 0.996 and 3.75%, respectively, demonstrating that the proposed strain compensation constitutive model has high accuracy and reliability in predicting the flow stress of Nb-contained 316LN.





3.3. Microstructure Evolution


The original metallographic picture of Nb-contained 316LN used in this paper is shown in Figure 7. The average grain size was measured as 180 μm. Annealing twins with straight grain boundaries existed in the microstructure. For Nb-contained 316LN is a kind of Face Center Cubic structure stainless steel with low SFE, the occurrence of twins is frequent.



Typical microstructures of the specimens after hot compression are displayed in Figure 8, and it can be found that the recrystallized fraction and grain size are increased with increasing temperature and decreasing strain rate. Based on the morphology differences observed by OM, the microstructure of compressed specimens could be classified into four groups. In group 1, a large number of original grains were severely elongated, small recrystallized grains began to form, and cluster around the original grain boundary, and the recrystallization fraction was very low (Figure 8a,d). In group 2, the recrystallized fraction increased significantly compared to group 1 where newly formed recrystallized grains replaced the original microstructures; however, a small number of elongated non-recrystallized original grains still existed in the microstructures (Figure 8b,e,g). In group 3, the recrystallization was almost complete, uniform equiaxed recrystallized grain composed the microstructures (Figure 8c,f,h). In group 4, the recrystallized grains became coarser, abnormal grain growth occurred in the microstructure (Figure 8i).



Based on the analysis above, it can be concluded that the morphology of the specimen after hot compression is decided by the DRX, so it is essential to make clear the DRX mechanism of Nb-contained 316LN. EBSD tests were conducted on the specimens after compressed under these four groups’ conditions, typical microstructures are shown in Figure 9. Figure 9a represents the microstructure of group 1 that was compressed at 1000 °C and 1 s−1. It is observable that the microstructure was composed of both large size deformed original grain with dense low angle boundary (high density dislocations) and newly formed dislocation free grains. According to the EBSD analysis program “Recrystallized Fraction Component”, the recrystallized grain could be clarified with different color, the recrystallized fraction could be measured. Combining with the EBSD analysis program “Grain Statistics”, the average size of recrystallized grains could be determined. EBSD analysis data shows that the recrystallized fraction of Figure 9a is only 22%, average size of the recrystallized grains is 3.6 μm, the microstructure is very inhomogeneous. Moreover, serrated original grain boundaries surrounded with small size recrystallized grains (black arrows show) indicate that the discontinuous dynamic recrystallization (DDRX) is a kind of DRX mechanism of specimens compressed under conditions of group 1. In addition, segments of high angle boundary (blue arrows show) appeared in the interior of deformed grains indicate that the continuous dynamic recrystallization (CDRX) is another DRX mechanism of specimens compressed under conditions of group 1. It is worth noting that unlike the DDRX grains are formed by boundary bulging nucleation, the CDRX grains are considered as a result of subgrain evolution. To get better insight of the CDRX mechanism of Nb-contained 316LN, the TEM analysis was performed on the thin foil taken from the deformation zone in the middle of the sample compressed at 1100 °C and 0.1 s−1 and the corresponding TEM micrographs are shown in Figure 10. It is discernible that due to hot deformation, plenty of dislocations were produced in the original grain, and consequently, dislocations began to rearrange and formed subgrain boundaries as shown in Figure 10a. Then, the misorientation angle of subgrain boundary increased by absorbing dislocations as shown in Figure 10b. Eventually, with the misorientation angle of subgrain boundary transformed from low to high, newly formed dislocation free grains started to replace the original grain.



Figure 9b represents the microstructure of group 2 that was compressed at 1100 °C and 0.1 s−1. The obtained EBSD data express that the recrystallized fraction is 72%, average size of recrystallized grains is 22.5 μm. Although the microstructure became uniform comparing to group 1, some unrecrystallized areas with low angle boundaries still existed. Arrows signed in Figure 9b show the evidence of bulging nuclei and subgrain evolution, indicating that CDRX and DDRX are two main DRX mechanisms of specimens compressed at conditions of group 2.



Figure 9c is a typical microstructure of group 3 that was compressed at 1200 °C and 1 s−1. The microstructure consisted of uniform dislocation free recrystallized grains with an average size of 32.5 μm and the recrystallized fraction was measured as 95%. This indicates that DRX was well carried out under conditions of group 3 and DRX played an important role in grain refinement. Moreover, Figure 9c exhibits that the recrystallized grain boundaries are composed by Σ3 (60° misorientation around <111>) boundaries.



Figure 9d shows the microstructure of group 4 that was compressed at 1200 °C and 0.01 s−1. Abnormal grain growth indicates that complete DRX finished at the initiation of compression and there was enough time for recrystallized grain growth at 1200 °C and 0.01 s−1. In addition, it can be seen that some low angle boundaries were distributed in the interior of coarsen grain. This is because deformation still imposed on the specimen during recrystallized grain growth, and dislocations were produced in the grown up recrystallized grain.



Although microstructure characteristic of group 3 and group 4 were observed, the DRX mechanism of these two groups cannot be seen intuitively. So microstructures of specimens compressed under a smaller strain at the same temperature and strain rate as those of group 3 and group 4 were observed as shown in Figure 11. From Figure 11a, it can be seen that at temperature 1200 °C, strain rate 1 s−1, and strain 0.2, DRX just initiated. Serrated grain boundary and newly formed recrystallized grain along the original boundaries indicate the occurrence of DDRX (shown by black arrows). In addition, some newly formed recrystallized grain (marked by blue arrows) existed in the interior of original grain, indicating that CDRX is another DRX mechanism in the sample. Figure 11b is the microstructure of specimen compressed under strain 0.2 at 1200 °C and 0.01 s−1. It is discernible that the original grain was completely replaced by grown up recrystallized grains, thus demonstrating that DRX occurred adequately at a small strain when temperature is 1200 °C and strain rate is 0.01 s−1. This happened because the high temperature of 1200 °C accelerated the activity of dislocation and the low strain rate of 0.01 s−1 afforded enough time for dislocation movement. It is also obvious that DDRX and CDRX are two main DRX mechanisms at conditions of group 4.



It is clear from the above analysis that the DRX mechanisms of Nb-contained 316LN are DDRX and CDRX, and the microstructure evolution of Nb-contained 316LN is sensitive to the change of deformation parameters. The recrystallization fraction was low and microstructure inhomogeneity was serious in the samples compressed under temperature 1000 °C with strain rate ≥0.1 s−1. Moreover, as arrows shown in Figure 8a,d, flow localization appeared in the microstructure of samples, so these parameters should be avoided during the formulation of process parameters. A higher DRX fraction and finer grain size were obtained in the microstructure of samples compressed at 1000 °C with a strain rate of 0.01 s−1 and at 1100 °C with strain rates ≥0.1 s−1, implying that the parameters in above mentioned range is feasible for the formulation of process parameters; however, some unrecrystallized grain still existed in the microstructures. The microstructures of the samples compressed at 1100 °C with a strain rate of 0.01 s−1 and at 1200 °C with strain rates ≥0.1 s−1 were fine and uniform, so, the optimum parameters should be chosen in this range. However, the microstructure of the sample compressed at 1200 °C with a strain rate of 0.01 s−1 was composed of coarse grains, and thus these parameters should be avoided due to the harmful mechanical properties caused by coarse grains.





4. Conclusions


Hot deformation behavior of Nb-contained 316LN steel was investigated in this paper. A strain compensation constitutive model was established to describe the flow behavior of Nb-contained 316LN steel. Microstructure evolution mechanism of Nb-contained 316LN compressed under various conditions was discussed. Practical manufacture parameters were optimized. The conclusions can be drawn as follows:

	(1)

	
A strain compensation constitutive model of Nb-contained 316LN was developed. The relationship between material constants and true strain was fitted by fifth order polynomial. The comparison between the predicted flow stress and the experimental flow stress indicates that the proposed model possesses high accuracy and reliability to predict the hot deformation behavior of Nb-contained 316LN.




	(2)

	
DDRX characterized by grain boundary bulging nuclei and CDRX characterized by subgrain evolution are two main DRX mechanisms during the hot deformation of Nb-contained 316LN.




	(3)

	
Parameters were optimized based on the results of microstructure analyses. Parameters with temperature ≤1000 °C, strain rate ≥0.1 s−1 and temperature ≥1200 °C, strain rate ≤0.01 s−1 should be avoided. The optimum processing parameters should be chosen in the temperature range of 1100~1200 °C and strain rate range of 0.01~1 s−1.
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Figure 1. True strain-true stress curves of Nb-contained 316LN. 
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Figure 2. Linear relationship fitting (a) lnσ−lnε˙, (b) σ−lnε˙, (c) ln[sinh(ασ)]−lnε˙, (d) ln[sinh(ασ)]−1/T. 
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Figure 3. Linear relationship between lnZ and ln[sinh(ασ)]. 
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Figure 4. The relationship between equation parameters and true strain: (a) α, (b) n, (c) Q, (d) lnA. 
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Figure 5. Comparison between predicted and experimental flow stress curves. 
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Figure 6. Relationship between predicted flow stress and experimental flow stress. 
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Figure 7. Original morphology of Nb-contained 316LN. 
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Figure 8. Effects of temperature and strain rate on microstructure of Nb-contained 316LN at strain of 0.8. 
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Figure 9. EBSD grain boundary maps of compressed samples (a) 1000 °C, 1 s−1 (b) 1100 °C, 0.1 s−1 (c) 1200 °C, 1 s−1 (d) 1200 °C, 0.01 s−1 (2–15° green, Σ3 red, Σ9 purple, Σ11 yellow, Σ27 aqua and other boundaries black). 
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Figure 10. TEM micrographs of the Nb-contained 316LN compressed at 1100 °C, 0.1 s−1 (a) dislocation rearrangement (b) subgrain boundary transformation. 
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Figure 11. OM maps of Nb-contained 316LN compressed under strain 0.2 and at (a) 1200 °C, 1 s−1 (b) 1200 °C, 0.01 s−1. 
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Table 1. Constitutive equation parameters under different true strains.
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	Material Constants
	0.1
	0.2
	0.3
	0.4
	0.5
	0.6
	0.7
	0.8



	α
	0.0083
	0.0076
	0.0074
	0.0075
	0.0077
	0.0078
	0.0079
	0.0079



	n
	5.96
	5.45
	5.06
	4.66
	4.28
	4.04
	3.94
	3.93



	Q(KJ/mol)
	507.661
	495.109
	485.028
	468.141
	447.376
	430.784
	425.602
	421.504



	lnA
	41.96
	40.57
	40.286
	38.86
	37.06
	35.61
	35.12
	34.74
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