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Abstract: The hot deformation characteristics of Nickel-based corrosion resistant alloy was studied in the temperature range of 1050~1200oC and the strain rate range of 0.001~0.1s-1 by employing hot compression tests. The results show that the peak stress increases with decreasing temperature and increasing strain rate, and the activation energy is about 409 kJ/mol. Basing on the Avrami equation through using the critical strain (εc) and the strain for 50% DRX (ε0.5), a kinetic model for dynamic recrystallization (DRX) was established, where the model parameters could be obtained using the modified Zener-Hollomon parameter (Z*). Applying the model, the predicted value of the steady state strain (εss) and the strain for maximum softening rate (εm) agree well with the experimental results. Accordingly, the relationship between εm and ε0.5 is established, which is mainly dependent on the Avrami exponent (n). When n<3.25, εm becomes less than ε0.5 and the difference in between decreases with increasing the strain rate or decreasing the deformation temperature. Finally, through observing DRX microstructure under different deformation conditions, a power law relation between DRX grain size (Ddrx) and Z*, with an exponent of -0.36, was found.
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1. Introduction
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]With the exploitation of high acidic oil and gas fields, the current stainless steel oil tubing has been being subjected to serious corrosion problems under the corrosion environment of high H2S and CO2 content. UNS N08028 (028) alloy has excellent corrosion resistance to H2S and CO2 and has been widely used in chemical and petrochemical industry [1,2]. In order to obtain uniform microstructure and eliminate solidification defects [3,4], hot extrusion is an essential step for 028 alloy, where dynamic recrystallization (DRX) occurs as a main metallurgical phenomenon for reducing the flow stress, controlling microstructure and mechanical properties. So far, many investigations have been carried out for DRX process of AISI304 stainless steel [5], Ti-IF steel [6], 42CrMo steel [7-10], HSLA-100 micro-alloy steel [11], medium carbon micro-alloy steel [12] and Aermet 100 steel [13], etc., however corresponding studies for 028 alloy are rarely reported. Therefore, it is very important and timely to study the DRX behavior of 028 alloy.
Generally, the DRX can be described as, elongation of the pre-existing grain boundaries along the deformation direction, the serration of grain boundaries and new nucleation of DRX grains at the serrated parts of grain boundaries (i.e. bulging); after the nucleation starts at a critical strain (εc), the grain boundary mobility of DRX grain is proportional to the dislocation density difference between the outside and the inside of the DRX grain [14-16]. Since the DRX process follows the mechanism of nucleation and growth, the corresponding kinetic process can be modeled based on the Avrami equation [17]. For example, Lassraoui and Jonas [18] studied the DRX behavior of a low carbon steel with hot compression testing, where evolution of the volume fraction during the DRX was described by the Avrami equation; Medina and Hernandez [19,20] proposed a DRX model for the low-alloyed and micro-alloyed steels, in which the flow stress-strain curve agreed well with the prediction due to the Avrami equation.
Upon modeling, how to estimate an accurate critical strain (εc) was so difficult that the onset of DRX was generally selected at the peak strain (εp) [18] or predicted by an empirical relationship between the critical strain (εc) and the peak strain (εp) [21,22]. With the development of experimental techniques and theoretical levels, accurate value of εc becomes available and is used in DRX kinetic equation [8,23,24]. Another significant parameter in DRX kinetic equation, the Avrami exponent (n) was deduced by Avrami plot. For instance, Yada et al. [25] built a DRX kinetic model for plain C-Mn steel, where the Avrami exponent was deduced as 2, independence of the hot deformation conditions; however, in Kim’s work [5], the Avrami exponent was deduced as a function of the Zener-Hollomon parameter (Z) for AISI 304 stainless steel. Such studies are fewer for 028 alloy, however they are indispensable and need to be identified.
In addition to εc and n, the strain for 50% DRX (ε0.5) also plays an important role in a physically realistic analysis for the DRX kinetics. Generally, it is very difficult to measure precisely the value of ε0.5, so its direct application was limited. In order to overcome this difficulty, the strain for maximum softening rate (εm) was selected to replace ε0.5 in the kinetic analysis [5,26-28], owing to εm obtained easily and precisely by work-hardening curve [27,28]. Such treatment was conducted based on an assumption that εm is equal to ε0.5 i.e., the volume fraction of DRX at the point of maximum softening is 50%. However, this assumption seems always invalid in actual situation, e.g. the volume fraction of DRX is 54% (＞50%) for the hypereutectoid steel and 39% (＜50%) for the 304 stainless steel, corresponding to εm, respectively [27]. So, it is inappropriate to consider simply that ε0.5 is equal to εm. Therefore, an exact relationship between ε0.5 and εm needs to be further confirmed.
In the current study, the DRX behavior for 028 alloy was investigated through isothermal hot compression tests. The critical strain (εc) was calculated on the basis of the second derivative of work hardening curve which was obtained by the cubic order polynomial fitting. The characteristic strains were related to the modified Z* parameter using power-law equation. Then, a more comprehensive kinetic model was established. Accordingly, the strain for the maximum softening rate (εm) and the steady state strain (εss) were predicted, and furthermore the relationship between the strain for the maximum softening rate (εm) and the strain for 50% DRX (ε0.5) was discussed. At the end, a relationship between the DRX grain size (Ddrx) and the modified Z* parameter was deduced.
2. Materials and Methods 
The chemical composition (wt％) of the UNS N08028 alloy used in this work was as follows: Ni 30~34, Cr 26~28, C 0.03~0.035, Mo 3~4, Mn 2~2.5, Cu 0.6~1.4, and balance Fe. Before testing, all the specimens were solution treated at 1200˚С for 120 min followed by water quenching. The initial austenite grains of 028 alloy are equiaxed with an average grain size of about 61um, as shown in Fig.2a.
Compression specimens, with the diameter as 8mm and the length as 12mm, were machined with flat bottomed grooves on the end faces to retain graphite lubricant in order to reduce the interface friction between tools and material. The compression tests in a temperature range of 1050~1200˚С and a strain rate range of 0.001~0.1s−1were carried out using the Gleebe-3500 thermo-simulation machine. All specimens were compressed to a true strain 0.7, then immediately water cooled down to room temperature.
The compression specimens were sectioned parallel to the compression axis and cut surfaces were prepared for microstructure observation. A solution of saturated acid (H2O2: HCl: H2O =1:2:2) was used to etch the surfaces and the microstructure observation was carried out on an OLYMPUS PMG3 microscope.
3. Results
3.1. Flow stress-strain curves and microstructure observations
    The flow stress-strain curves at different deformation temperatures and strain rates in the isothermal compression tests of the 028 alloy are shown in Fig.1. In the initial stage of deformation, the hardening rate is higher than the softening rate and thus the stress increases abruptly, and then the increasing rate decreases due to the occurrence of dynamic recovery (DRV) and DRX; once the hardening rate is equal to the softening rate, a peak stress is reached. After the peak stress, the softening caused by DRX exceeds the hardening and the stress drops slowly. As the strain increases, the stress finally tends to a steady state, in which a new balance between softening and hardening is established. It should be noted that, if the DRX behavior does not occur, a new balance between the work hardening and softening induced by DRV gradually reaches, and saturated stress (σrec along the dotted line) appears, as shown in Fig.1(d).
[image: Fig2(a)0][image: Fig2(b)0]
[image: Fig2(c)0][image: Fig2(d)示意图]
Figure 1. Experimental flow stress curves of the 028 alloy under strain rate of (a) 0.001s-1, (b) 0.01s-1, (c) 0.1s-1 and (d) schematic diagram illustrates the work-hardening curve σrec (the dotted line) from yield stress σ0 to saturation stress σsat in the entire strain domain and a typical experimental DRX flow stress curve (the solid line) from yield stress σ0 to steady state stress σss.
     Fig. 2(b-d) shows the optical microstructures of 028 alloy after deformation at 1150℃ under strain rates of 0.001s-1, 0.01s-1, 0.1s-1, respectively. From Fig.2(b), the grains with the largest size appear at the specimen under the strain rate of 0.001s-1 and the corresponding grain size distribution is uneven. As shown in Fig.2(c), only equiaxed grains are observed at the specimen under the strain rate of 0.01s-1, indicating that the first cycle DRX is completed. It can be seen from Fig.2(d), the DRX grain size decreases at the strain rate of 0.1s-1. The higher strain rate corresponds to the finer grain and the DRX grain sizes are measured as 57um, 42um, 34um for the strain rates of 0.001s-1, 0.01s-1 and 0.1s-1, respectively.
     Fig.2(d-f) illustrates the optical microstructures of 028 alloy after deformation at the strain rate of 0.1s-1 under the temperatures of 1150℃, 1100℃, 1050℃, respectively. From Fig.2(d-e), fully equiaxed grains at the strain of 0.7 are observed and the grain size decreases with decreasing the deformation temperature. However, from Fig.2(f), the DRX has not been completed at strain of 0.7, where some untransformed austenite grains are elongated. The DRX grain sizes are measured as 31um, 16um and 12um for the temperatures of 1150℃, 1100℃ and 1050℃, respectively.
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Figure 2. Initial microstructure of 028 alloy (a) and microstructure after deformation at 1150℃ and true strain 0.7 with different strain rate (b) 0.001s-1, (c) 0.01s-1, (d) 0.1s-1, and microstructure after deformation at strain rate of 0.1s-1 and true strain 0.7 with different forming temperatures, (e) 1100℃, (f) 1050℃.
3.2Activation energy for hot deformation (Qd)
     Correlations among the flow stress, the deformation temperature and the strain rate, particularly at high temperatures, can be expressed by an Arrhenius-type equation [29]. Combined effects of the deformation temperature and the strain rate on the deformation behavior can be represented by a Zener-Hollomon parameter (Z) in an exponential equation as:[30]

                                                       (1)
where the Zener-Hollomon parameter (Z) is the temperature-corrected strain rate, Qd the deformation activation energy, R the gas constant (8.314Jmol-1K-1), A, m the material constants, σp the peak stress in the flow stress-strain curves, the strain rate and T the absolute temperature. For sufficiently small flow stress, Eq.(1) can be simplified as [27]:

                                                                    (2)
while for sufficiently high stress, Eq.(1) becomes:

                                                              (3)
where β=αm*
     Following Eqs.(2) and (3), approximate values of m* and β can be determined by linear regression of plots (ln-σp and ln-lnσp) at different temperatures, as 5.12 and 0.06, respectively. And then a suitable value of α is determined as 0.0118. By partial differentiation of Eq.(1), the following expression could be derived as [31]:

                                                                   (4)
for constant temperature, and,

                                                               (5)
for constant strain rate.
     The values of m can be derived from the slopes in plotting ln against ln[sinh(ασp)] at different temperatures (Fig.3(a)), and the value of Qd can be derived from the slopes in plotting ln[sinh(ασp)] against 1/T at different strain rates (Fig.3(b)). Then, m=3.8 and Qd = 409KJ/mol are deduced.
[image: Fig4(a)本构方程-n值][image: Fig4(b)]
Figure 3. Relationship between ln[sinh(ασp)] and ln (a) and between ln[sinh(ασp)] and 1/T (b) deduced from the 028 alloy subjected to different deformation conditions.
3.3 Characteristic strains of the flow stress-strain curves
    Usually, the working hardening rate (θ=dσ/dε) versus the flow stress (σ) curve is used to determine the critical stress (σc), the peak stress (σp), the saturated stress (σsat), the stress for maximum softening rate (σm) and the steady state stress (σss) [32-36]. A typical θ-σ curve of 028 alloy is shown in Fig.4(a), where, σp, σm and σss can be easily obtained. However, σc will be determined by further analysis of the local θ-σ curve ranging from the yield stress (σ0) to the peak stress. Poliak and Jonas [33] have proposed a double-differentiation method which defines σc as the inflection point at which the second derivative of the work-hardening rate with respect to the stress is zero (d2θ/dσ2=0)). However, identification of this inflection point is not easy since the noise level of the experimental data causes a large spread during the data processing involved in the calculation of the work-hardening rate. To identify the inflection point, one simply method was proposed by Najafizadeh and Jonas [34,35], at which the fit of an appropriate cubic order polynomial equation to the work hardening data was performed.
    An example of θ-σ curve and its corresponding fit by cubic order polynomial is shown in Fig.4(b). It can be observed that the cubic order polynomial has a good fit as previously demonstrated by Nafafizadeh et al. [34,35] and Poliak et al. [36]. The corresponding cubic order polynomials of work hardening rate versus stress curves at different deformation temperatures and strain rates are shown in Fig.4(c-d). As mentioned above, the critical stress (σc) can be identified from these curves. Therefore, the corresponding critical strain (εc) can be obtained from the flow stress-strain curves as well.
[image: Fig5(a)应变硬化-应力示意图][image: Fig5(b)三次多项式]      [image: Fig5(c)][image: Fig5(d)]
Figure 4. Relationship between work-hardening rate and the flow stress (a). Work-hardening rate versus flow stress at the deformation temperature of 1200℃ and the strain rate of 0.1s-1 (b). The corresponding cubic order polynomials of work hardening rate versus flow stress (c) 0.01s-1 and (d) 0.1s-1.
    Characteristic strains of all flow stress-strain curves are determined and summarized in Table 1. It is particularly worth mentioning here that the data in Table.1 is slightly different from the previous work [37], which is mainly because they have different initial grain sizes [38]. From Table.1, εp and εc increase with decreasing the deformation temperature or increasing the strain rate, i.e., proportional to the Z parameter. Thus, a relationship between characteristic strain and the Z parameter is established.

                                                                                (6)
where a and b are both the material parameters. Since the values of Z parameter can be evaluated by Eq.1. Then, according to Eq.(6), the values of a and b can be computed as 5.93×10-3 and 0.106, respectively. Fig.5(a) shows evolution of the lnεp with the lnZ for 028 alloy under different deformation conditions. Obviously, there is significant deviation if Z parameter is directly used. Therefore, the Z parameter needs to be modified. A similar approach was adopted by Lin et al [7]. The modified Zener-Holloman parameter (Z*) could be expressed as follows:

[bookmark: OLE_LINK144][bookmark: OLE_LINK145][bookmark: OLE_LINK175]                                                                       (7)
where θ is the correction coefficient of the strain rate. Three different values of correction coefficient (i.e. 1/2, 2/3 and 3/2) of strain rate are tried in order to find the most suitable form of modified Z*. Here, for peak strain, the value of θ in Eq.(7) can be selected as 2/3 which can be optimum to compensate the strain rate. Then, the values of a and b can be computed again as 2.14×10-3 and 0.133, respectively. Therefore, the relationship between the peak strain and Z* is deduced as:

                                                       (8)
The relationship between the critical strain (εc) and the peak strain (εp) can be approximately determined by εc=0.54εp, as shown in Fig.5(b). According to Eq.(8), the relationship between the critical strain and Z* parameter is established:

[bookmark: OLE_LINK26][bookmark: OLE_LINK27][bookmark: OLE_LINK116][bookmark: OLE_LINK117]                                              (9)
[image: Fig6(a)峰值应变与两个Z值的关系图] [image: Fig6(b)]
Figure 5. Variation of the peak strain (εp) with the Z parameter and the Z* parameter (a) and relationship between the critical strain and the peak strain (b).
Table 1 Characteristic values of the true stress-strain curves at different deformation conditions
	
	Strain rate(s-1)
	1200oC
	1150 oC
	1100 oC
	1050 oC

	True strain
	
	
	
	
	

	[bookmark: OLE_LINK118][bookmark: OLE_LINK119]εc
	0.001
	-
	0.064
	0.077
	0.103

	
	0.01
	0.062
	0.077
	0.104
	-

	
	0.1
	0.08
	0.095
	0.116
	0.127

	εp
	0.001
	0.096
	0.118
	0.137
	0.136

	
	0.01
	0.117
	0.15
	0.175
	0.204

	
	0.1
	0.153
	0.183
	0.206
	0.234

	εmax
	0.001
	-
	0.225
	0.24
	0.26

	
	0.01
	0.247
	0.32
	0.35
	0.36

	
	0.1
	0.328
	0.387
	0.382
	0.376

	εss
	0.001
	-
	0.556
	0.594
	0.651

	
	0.01
	0.627
	0.667
	0.653
	0.667

	
	0.1
	0.696
	0.766
	0.673
	0.693

	True stress(MPa)
	
	
	
	
	

	[bookmark: OLE_LINK112][bookmark: OLE_LINK113]σ0
	0.001
	-
	36.05
	43.62
	77.7

	
	0.01
	43.03
	56.97
	68.74
	91.36

	
	0.1
	65.02
	84.5
	97.95
	111.32

	σc
	0.001
	-
	40.68
	54.03
	100.32

	
	0.01
	54.5
	69.49
	86.09
	112.36

	
	0.1
	78.25
	101.41
	131.92
	206.72

	σp
	0.001
	31.98
	43.71
	55.78
	76.02

	
	0.01
	56.41
	74.11
	91.32
	120.7

	
	0.1
	88.29
	111.37
	137.58
	172.47

	σsat
	0.001
	-
	44.7
	58.3
	78.7

	
	0.01
	58.5
	76.4
	93.79
	127.5

	
	0.1
	91.3
	114.9
	141.2
	173.7

	σmax
	0.001
	-
	41.59
	52.69
	69.64

	
	0.01
	51.79
	66.84
	83.73
	113.53

	
	0.1
	78.57
	101.66
	129.44
	168.38

	σss
	0.001
	24.31
	37.13
	44.82
	56.34

	
	0.01
	41.24
	54.97
	71.37
	99.56

	
	0.1
	64.02
	86.79
	115.96
	158.87


3.4 Kinetic model of DRX
       The volume fraction of DRX (XDRX) could be described as follows [17,18,21]:	

                                                        (10)
where XDRX is the recrystallization fraction at time t, n the Avrami exponent and t0.5 the time for 50% recrystallization. For a constant strain rate here, t and t0.5 in Eq.10 can be substituted by (ε-εc)/ and (ε0.5-εc)/. Thus, the DRX kinetics can be described as:

[bookmark: OLE_LINK182][bookmark: OLE_LINK183]                                                   (11)
where ε is the strain upon DRX. For hot deformation tests carried out under constant temperature and strain rate, the volume fraction of DRX (XDRX) can be determined by the flow stress-strain curve as [16,35,37]:

                                                                     (12)
where σrec represents the flow stress of DRV as shown in Fig2(d), σsat the saturation value of the flow stress of DRV, σdrx the experimental flow stress after the critical strain and σss the steady state stress. σrec can be computed by the following equation [38, 39]:

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]                                               (13)
     where σ0 is the yield stress, ε0 the strain corresponding to σ0, and r the coefficient of DRV, which can be obtained by linear regression of the flow stress-strain curve [11,37]. Substituting the value of r into Eq.(13), XDRX and ε can be computed by Eq.(12). Then, the strain for 50% DRX (ε0.5) under different experimental conditions can be obtained and listed in Table.2. It can be found that ε0.5 increases with increasing the strain rate or decreasing the deformation temperature. Furthermore, the value of ε0.5 is less than the value of εm at all deformation conditions and the value of ε0.5-εm decreases with the increasing strain rate or decreasing the deformation temperature, as shown in Fig.7(a).
Table 2. The value of ε0.5 and εm at different deformation conditions.
	
	1200oC
	1150 oC
	1100 oC
	1050 oC

	
	εm
	ε0.5
	εm
	ε0.5
	εm
	ε0.5
	εm
	ε0.5

	0.001s-1
	-
	-
	0.221
	0.257
	0.241
	0.273
	0.264
	0.303

	0.01s-1
	0.249
	0.281
	0.320
	0.342
	0.342
	0.362
	0.360
	0.378

	0.1s-1
	0.328
	0.343
	0.387
	0.399
	0.382
	0.397
	0.403
	0.413


     Likewise, using Eq.(7), a relationship between the strain for 50%DRX (ε0.5) and Z* parameter is deduced. Here, the value of θ is chosen as 3/2. Therefore, ε0.5 can be represented as function of the deformation temperature and the strain rate.

[bookmark: OLE_LINK197][bookmark: OLE_LINK198][bookmark: OLE_LINK55]                                                      (14)
     Comparisons between the experimental and predicted values of ε0.5 are carried out, as shown in Fig.6(b). The predicted results agree well with the experimental ones, which illustrates that the proposed equation can give an accurate estimate of the strain for 50% DRX in 028 alloy.
[image: Fig7(a)0][image: Fig7(b)]
Figure 6. Relationship between the value of ε0.5-εm and deformation conditions (a) and comparison between the predicted and experimental strain for maximum softening rate (b).
     Taking twice the logarithm of the two sides of Eq. (11), it is obtained:

                                         (15)
     An averaged value for the exponent n (i.e. 2.17) was determined for the DRX in 028 alloy, which is in consistent with the range of 1.5~2.5 observed by other works [5,9, 15,17,40]. Actually, the value of n changes with different deformation conditions [18,23], which implies a relationship between n and deformation temperature as well as strain rate, i.e. the parameter Z. Evolution of n with Z was shown in Fig.7, where the following formula can be deduced by the regression analysis as:

[bookmark: OLE_LINK195][bookmark: OLE_LINK196][bookmark: OLE_LINK12]                                                                          (16)
[image: Fig8动力学指数与Z的关系]
Figure 7. Relationship between n and the Z parameter
     This means that the value of n increases with increasing the strain rate or decreasing the deformation temperature. On this basis, the kinetics equation of DRX for 028 alloy can be summarized as:

[bookmark: OLE_LINK28][bookmark: OLE_LINK29]                                                (17)
    Comparisons between the experimental and predicted results are performed to validate the developed kinetic equations for the DRX behavior, as shown in Fig.8. The predicted results agree well with the experimental ones.
[image: 改1000为1050动力学曲线][image: Fig9(b)]
Figure 7. Comparison between the predicted and experimentally values of XDRX (the curves represent the predicted results, the symbols represent the experimental results). (a) 0.01s-1, (b)1200℃
4. Discussion
4.1. Prediction of εm and εss
     The strain of maximum softening rate (εm) and steady state strain (εss) have been determined experimentally in section 3.3. From Eq.(11), the rate of DRX can be expressed as:

                                         (18)
     To maximize the transform rate, d2XDRX/dε2=0 should be satisfied:

            (19)
     Therefore, the strain for the maximum softening rate (εm) gives:

                                                       (20)
     The steady state strain is reached when XDRX ran up to 99%. Thus, using Eq.(2), the model predicted steady state strain (εss) is simply deduced as follows:

                                             (21)
     As shown in Fig.8(a), the predicted values for εm are in good agreement with the experimentally determined values. From Fig.8(b), a number of predicted values for εss are greater than the experimental values. It indicates that the calculation results of Eq.(21) are to be overestimated for the actual results of εss, which is mainly because the Avrami exponent at the final stage of the DRX is lower than its average value[17,40].
[image: Fig10(a)最大转变应变与实验应变图][image: Fig10(b)]
Figure 8. Comparison between the predicted values of characteristic strains from the proposed model and the experimentally measured values, (a) εm, (b) εss.
4.2. Relationship between εm and ε0.5
     As mentioned in the introduction, the actual relationship between the strain for the maximum softening rate (εm) and the strain for 50% DRX (ε0.5) needs to be further confirmed. From Eq.(20), it can be found that the relationship between εm and ε0.5 mainly depends on the value of n. If the strain εm is equal to the strain ε0.5, the following equation must be satisfied:

                                                      (22)
     If and only if n is equal to 3.25, Eq.(22) holds. So, the relationship between εm and ε0.5 can be divided into the following three kinds of circumstances: (1) εm is less than ε0.5 when n＜3.25; (2) εm is equal to ε0.5 when n=3.25; (3) εm is larger than ε0.5 when n＞3.25. Furthermore, the ratio increases monotonically with increasing n from Eq.(22). When the ratio is less than 1 (n＜3.25 and εm＜ε0.5), the ratio approaches 1 with increasing n. When ratio is larger than 1 (n＞3.25 and εm＞ε0.5), the ratio deviate from 1 with increasing n. In other words, the value of ε0.5-εm should decreases with increasing n when n＜3.25 and the value of εm-ε0.5 should increases with increasing n when n＞3.25. As shown in section 3.4, the relationship between n and deformation conditions has been identified. So the value of ε0.5-εm should decreases with increasing the strain rate or decreasing the deformation temperature, when ε0.5＜εm and the value of εm-ε0.5 increases with increasing the strain rate or decreasing the deformation temperature, when εm＞ε0.5.
     Taking the 028 alloy as an example, the average value of n obtained in section.3.4 was 2.17 (＜3.25). From the above analysis, the value of εm should be less than the value of ε0.5 and furthermore, the value of ε0.5-εm should decreases with increasing strain rate or decreasing the deformation temperature. As shown in Table.2 and Fig.6(a), the experimental results are consistent with the predicted result of Eq.(22). Recently, for 42CrMo steel, Chen et al [9] and Quan et al [10] obtained the strain for 50% DRX (ε0.5) and the strain for maximum softening rate (εm) by using the same experiment method respectively. With kinetic analysis, the Avrami exponent (n) for 42CrMo steel was determined to be 3.85(＞3.25) [8]. Their experimental results are listed in Table.3, where εm is larger than ε0.5 and the value of εm-ε0.5 increases with increasing the strain rate or decreasing the deformation temperature. They are also consistent with the predicted result of Eq.(22).
[bookmark: OLE_LINK166][bookmark: OLE_LINK167][bookmark: OLE_LINK164][bookmark: OLE_LINK165]Table 3 Comparison between ε0.5 and εm in 42CrMo steel which are from Ref.7 and 8.
	
	
	[bookmark: OLE_LINK170][bookmark: OLE_LINK173]εm (1000oC)
	[bookmark: OLE_LINK174][bookmark: OLE_LINK178]ε0.5 (1050 oC)
	εm-ε0.5
	
	εm (1175 oC)
	ε0.5 (1150 oC)
	εm-ε0.5
	

	0.01s-1
	
	0.293
	0.20
	0.093
	
	0.210
	0.183
	0.027
	

	0.1s-1
	
	0.403
	0.263
	0.14
	
	0.321
	0.267
	0.054
	

	1s-1
	
	0.624
	0.42
	0.204
	
	0.514
	0.351
	0.163
	


4.3. Grain size of complete DRX
      As shown in Fig.2(b-d), the DRX grain size decreases with increasing the strain rate at a constant deformation temperature. This can be explained as follows. On the one hand, the higher strain rate will increase the work hardening rate, and in turn increases the dislocation density and nucleation sites in the deformed microstructure [40]. On the other hand, the higher strain rate will reduce the time for DRX [37]. As shown in Fig.2(d-f), the DRX grain size increases with increasing the deformation temperature at a constant strain rate. This is mainly due to high temperature that leads to the faster mobility of grain boundaries and all grains tend to be more and more homogeneous.
     Evolution of the DRX grain size (Ddrx) with the deformation conditions is shown in Fig.9, where a relationship between the DRX grain size (Ddrx) and Z* parameter is deduced as:

                                                                (23)
where A and k are the materials constants. As shown in Fig.9, A and k are determined by regression analysis as 5.65×106 and -0.36, when θ was chose as 1/2 in Eq.(7). Therefore, the equation of DRX grain size for 028 alloy is given by:

                                               (24)
[image: E:\知识产权\管材所2018论文\2014MD投稿\文章所用图\Fig11晶粒尺寸与修饰Z值的关系.tif]
Figure 9. Relationship between lnDdrx and lnZ*
     From Eq.24, steady state DRX grain decreases with increasing strain rate and decreasing deformation temperature. This can be explained that the higher strain rate will increase the work hardening rate, and in turn increases the dislocation density and nucleation sites in the deformed microstructure [41]. Besides, migration process of grain boundary (growth process) is reduced under the lower deformation temperature because of the drag effect of solute element[42,43]. Thus, when volume fraction of DRX runs up to 1, only enhancement of nucleation process can make up for the shortcomings of the growth process. So, it is indicated that DRX nucleation process is significantly enhanced at high strain rate and low temperature. Thus, enhancement of nucleation process is the direct cause of increasing of DRX velocity. Recently, through designing experiment as well as building physically based model, Gram et al [44]. studied that the effect of solute element on DRX as a function of both temperature and strain rate in a series of Cu-Sn alloys. They have confirmed that average nucleation rate of Cu-Sn alloy increases with deformation temperature decreasing and strain rate increasing, vice versa. This is entirely consistent with the results of above analysis.
5. Conclusions
     In this study, hot compression tests were carried out to study the kinetic behavior for 028 alloy. The characteristic strains were determined by work hardening rate versus stress curves which were fitted by cubic order polynomial. The relationship between characteristic strain and modified Z* parameter was established through the power-law equation. Based on the Avrami equation through using the critical strain (εc) and the strain for 50% DRX (ε0.5), a more comprehensive kinetic model of DRX was proposed. Furthermore, the values of εm and εss were calculated. Then, the accurate relationship between εm and ε0.5 was established and mainly depended on the Avrami exponent (n). When the value of n is 3.25, εm is equal to ε0.5; when n<3.25, εm is less than ε0.5; when n>3.25, εm is larger than ε0.5. Moreover, the value of ε0.5–εm decreases with increasing the strain rate or decreasing the deformation temperature when n<3.25; the value of εm–ε0.5 increases with increasing the strain rate or decreasing the deformation temperature when n>3.25. Finally, the relationship between Ddrx and modified Z* parameter was established.
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