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ABSTRACT
This paper reports the development of a physics-based life prediction model that incorporates three micro-damage processes. Both the particle area fraction and size, as determined using scanning electron microscopy, are used as the model input to predict the precipitate coarsening damage. Moreover, the carbon concentration profile, as measured using electron probe micro-analyser, are used to derive the carburisation damage distribution index. Compared to the Kowalewski-Dyson model, the present model can predict the stress dependent creep fracture strain and rupture time. The model, compiled into finite element via the user subroutine, can predict the heterogeneous damage accumulation of the cracking furnace tube made of HP40Nb alloy in a coupled creep-carburisation environment. The predicted total damage is comprised of precipitate coarsening and carburisation as the predominance, while the creep cavitation contributing much less due to the low internal pressure. The distribution of the precipitate coarsening is relatively homogeneous through the thickness, whereas the carburisation causes a steep increased damage value close to the inner surface. With regard to time, the precipitate coarsening damage is predominant in the initial stage, while the total damage is governed by the carburisation process with further exposure. Eventually, the total damage reaches the critical value at 59600 h, with the thickness of carburised layer exceeding 50% of the tube thickness, and the tube fails in the inner surface which agrees with the operational experience. The parametric sensitivity study reveals the importance of determining the Cr-rich carbide area fraction for the life prediction.

Keywords: Modelling; Finite element analysis; Heat-resistant alloy; Phase transformation; Creep; Carburisation

1. Introduction
Petrochemical plant produces ethylene through thermal cracking of hydrocarbons. High-temperature creep, due to the inner pressure and piping stress, and carburisation which occurs in the inner wall, make life prediction of the cracking furnace tube difficult [1]. The HP40Nb (25Cr35Ni1Nb) heat-resistant alloy is widely used for manufacturing the cracking furnace tube, owing to the good balance of cost and high-temperature performance. The as-cast alloy is characterised by the supersaturated austenite matrix with the continuous skeletal-shaped primary carbides (M7C3, M23C6 and NbC) at the inter-dendritic regions [2, 3], Fig. 1(a) and 1(c). In the initial service stage, i.e. before entering the feedstock, the primary Cr-rich M7C3 carbide is prone to transformation into M23C6 carbide, while the NbC carbide transforms into the G phase (Ni16Nb6Si7) at temperatures of 700 °C to 1000 °C [4, 5], Fig. 1(d). Furthermore, the austenite matrix is subjected to the secondary Cr-rich M23C6 carbide precipitation.
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Fig. 1. Schematic diagrams describing the microstructural evolution of the HP40Nb cracking furnace tube: (a) before and (b) after entering the feedstock; (c) as-cast state; (d) initial service stage; (e) later and (f) final stages of the outer wall; (g) later and (h) final stages of the inner wall.

[bookmark: _Hlk117593993]After the hydrocarbons entering, the microstructural evolution in the inner wall (carburised layer) is distinctively different from the outer wall (non-carburised layer), Fig. 1(b). In the non-carburised layer, the inter-dendritic M7C3 carbide is replaced by the M23C6 carbide, together with the progressive phase transformation from NbC to G phase, Fig. 1(e). Number density of secondary M23C6 reduces with the growth, and the shape of the inter-dendritic M7C3 becomes blocky. Additionally, creep cavities as indicated by black in Fig. 1(e) appear at grain boundaries (GB) and the triple points, where the stress concentration builds up due to the obstruction of GB sliding [6, 7]. Previous work suggested that cavitation was preferably developed at the region adjacent to the inter-dendritic primary M23C6 precipitates as opposed to the NbC [7, 8], as well as the interface between the coarsened G phase and the matrix [9]. At the final stage as shown in Fig. 1(f), precipitates further coarsen and cavitation becomes severe through the continuous nucleation and growth, due to the high hydrostatic stress in the vicinity of GB and triple points [6, 10], and eventually causing the linkage of cavities to form the micro- and macro-cracks.
[bookmark: _Hlk117594148]By contrast, the inter-dendritic M7C3 is the predominant carbide in the carburised layer, Fig. 1(g). In addition, carbon atoms react with both the primary and secondary M23C6 to form the more stable M7C3 phase, and the less stable G phase transforms into NbC [11, 12]. Overall, the carbide precipitates in the carburised layer are coarser than those in the non-carburised layer, Fig. 1(g) vs. 1(e), and the cavitation is associated with the coarsened Cr-rich M7C3. Previous work suggested that carburisation environment accelerated the carbide coarsening, promoting the cavity nucleation at earlier service time [13], Fig. 1(g). At the final stage, the microstructure is characterised by the coarsened M7C3 and NbC precipitates, Fig. 1(h). Cavity nucleation and growth occur adjacent to the M7C3 at the inter-dendritic region with the further exposure, followed by the linkage of cavities and the development of micro- and macro-cracks. To summarise, after the thermal and environmental exposure under stress, the microstructure of the HP40Nb cracking furnace tube encounters a series of evolutions. 
[bookmark: _Hlk117595391]Continuum damage mechanics in conjunction with the finite element (FE) method is considered as effective in predicting the creep life. Following the seminal Kachanov-Robatnov model [14, 15], many groups have proposed their models which can be categorised as the empirically-based [16-18] and physics-based [19-22]. In particular, the physics-based models capture the microscopic damage processes, including the tertiary creep softening caused by the cavity nucleation and growth, multiplication of the mobile dislocation density, particle coarsening and the primary creep hardening [21]. However, the models are yet to describe the coarsening damage with more than one particle types and exhibiting a location-dependent behaviour. Attempts have been made by treating the carburisation as an environmentally-induced damage type [23, 24], namely, the carburisation damage was treated as an independent process from the microscopic creep damage.
The present work is aimed to develop a coupled creep and carburisation model for the purpose of predicting the lifetime of the cracking furnace tube made of HP40Nb alloy. The material parameters derived from the experimental observation in the appropriate microstructure level were used as the model input. After the compilation of the proposed damage model via the ABAQUS user subroutine, the FE calculation was conducted to predict the life of the cracking furnace tube in the creep-carburisation environment.

2. Model development
2.1. Constitutive equation
[bookmark: _Hlk117595698]In the study of Kowalewski et al. on aluminium alloy [20], a physics-based creep damage model with three internal variables was used to predict the tertiary creep softening caused by cavitation (ωn) and particle coarsening (ωp), and the strain hardening (H) in the primary creep stage, as shown below:

                (1)

where εij, Sij, εe, σe, σ1 and εf denote the multi-axial creep strain components, deviatoric stress components, equivalent strain, von Mises equivalent stress, maximum principal stress and the uniaxial creep ductility, respectively. Kp is the coarsening damage parameter, while h and H* are the material parameters describing the strain hardening in the primary stage. The value of N is 1 for σ1＞0, whilst N is 0 for σ1＜0. The parameter v is interpreted as the multi-axial stress rupture criterion and its value is determined from the line of best fit. A and B are the parameters reflecting the correlation between the minimum creep strain rate () and stress. Their values can be obtained by excluding the damage (ωn and ωp) and strain hardening (H) variables from Equation (1), resulting in the simplified relationship:

                        (2)
For the present HP40Nb alloy, creep cavitation and precipitate coarsening are the two primary life-limiting damage micro-mechanisms. The value of ωn ranges from 0 to 1/3 while the ωp is from 0 to 1. Given that the accumulated creep strain at failure is dominated by the tertiary creep, while the primary creep accounts for a small proportion [25], the strain hardening variable (H) is omitted for simplicity. In addition, the carburisation environment promotes the carbide coarsening, resulting in the final failure occurring in the carburised layer. Hence, the carburisation damage (ωcar) is introduced into the first row of Equation (1), leading to a modified version:

                 (3)

2.2. Precipitate coarsening damage
[bookmark: _Hlk117596158][bookmark: _Hlk117596373]In the non-carburised layer, coarsening of the M23C6 carbide and G phase was experimentally observed to trigger the cavitation damage, and thus they are regarded as the particle coarsening damage. In contrast, the M7C3 coarsening was experimentally observed to be the reason for the cavitation damage in the carburised layer, and thus the M7C3 is considered as the particle coarsening damage. In fact, both the M7C3 and M23C6 carbides are Cr-rich, and henceforth they are classified as the intergranular Cr-rich carbide type, for simplicity. The total coarsening damage (ωp) is defined as the linear addition of different precipitates:

                          (4)
[bookmark: _Hlk117597093][bookmark: _Hlk117597040]where ωpa and ωpb represent Cr-rich carbide and G phase coarsening induced damage variables, respectively. The total coarsening damage is in the range from 0 to 1. In the carburised layer, the value of ωpb is equal to 0 as the cavitation damage is solely linked to the Cr-rich carbide (Fig. 1(g)).
[bookmark: _Hlk81904740]The level of cavitation damage was related to the interparticle spacing, following the continuous cavity nucleation theory with the presence of secondary particle [26], and thus the particle coarsening damage can be formulised as a function of interparticle spacing [19, 27]. Under the continuous thermal exposure, the interparticle spacing was found to ascend monotonically due to the growth of large particles at the expense of the dissolution of smaller ones [28]. Thus, the coarsening damage of Cr-rich carbide (ωpa) is defined as [20, 29]:

                           (5)
[bookmark: _Hlk81904893][bookmark: _Hlk117597643]where la0 and lat represent the initial value and later stage evolution for the interparticle spacing, respectively. Here, the relationship between the interparticle spacing (l) and the particle radius (r) is used, according to the unit cell model [30, 31], where particles are assumed to have the same spherical shape with uniform distribution, i.e. the average interparticle spacing. Therefore, the particle area fraction (f) can be worked out:

                            (6)


[bookmark: _Hlk117597696][bookmark: _Hlk95339378]Rearrangement of the equation above results in the  and  for the value of la0 and lat, respectively, representing the initial and evolved states.
[bookmark: _Hlk95339658]The coarsening rate follows the Ostwald ripening law [32, 33]:

[bookmark: _Hlk95339699]                                  (7)
where Ka is the material parameter depending on the Cr-rich particle surface tension, diffusion coefficient, temperature and etc. By combining Equation (5) and Equation (7), the differential form of the Cr-rich carbide coarsening damage (ωpa) is derived as:

[bookmark: _Hlk95340070]                                     (8)
The coarsening damage of G phase (ωpb) holds the similar mathematical expression:

                 (9)
where Kb is the material parameter of the G phase and t1 is the earliest time for the formation of inter-granular G phase. fb1 and fbt represent the G-phase area fraction at t1 and the evolved area fraction at t. rb1 is the radius of the G phase at t1. The derivation of Equation (9) can be found in Appendix.

2.3. Cavitation damage
The uniaxial creep ductility of the HP40Nb alloy is stress-dependent [34-36], and thus necessary modification is required since a constant value was considered in the cavitation damage model of the Dyson group [20, 21, 37]. The relationship between the minimum creep strain rate and the rupture time can be described by the modified Monkman-Grant relation according to Dobeš and Milička [38], where the uniaxial creep ductility appears:

                               (10)
Under the multi-axial stress state, the creep rupture time tr is related to the rupture stress following [39, 40]:

                         (11)

where M and p are the material parameters reflecting the creep rupture behaviour. σr represents the creep rupture stress and its magnitude can be worked out through the relationship of  [39, 40]. The parameter α describes the effect of the multi-axial stress on cavitation damage. Hence, the modified cavitation damage equation considering the stress dependence of uniaxial creep ductility is derived by combining Equations (2), (10) and (11):

           (12)
The cavitation damage (ωn) increases from the value of 0 to 1/3.

2.4. Carburisation damage
[bookmark: _Hlk117598154]To predict the lifetime of the cracking furnace tube, it is necessary to assess the evolution and distribution of carburisation damage which occurs in the inner wall. For a uniform distribution of carburisation, its damage variable (ω0) can be defined by the ratio of the carburised area to its critical value that triggers the final failure:

                           (13)
where the value of ω0 ranges from 0 to 1. Ri and dcr are the inner radius of the furnace tube and the critical thickness of the carburised layer, respectively. The value of dcr is considered as 60% of tube thickness. The carburised layer thickness (x) propagation follows the diffusion kinetics equation in a parabolic form of (kt)1/2, with k being the kinetic coefficient.
The group led by Nikbin proposed the damage distribution index ωx, which relates the non-uniform distribution of carbon concentration to the carburising depth [24, 41, 42]:

                      (14)
[bookmark: _Hlk117598394]xi represents the depth from the carburised surface, with its value being 1 for the inner wall surface. With the depth increases, the index decreases to 0 in the non-carburised layer. The fitting parameter β in Equation (14) defines the non-linear profile of the carbon concentration [41]. In addition, cs, cnon and ci denote the carbon concentration in the carburised surface and non-carburised region and at the corresponding depth of xi, respectively. Using the similar approach, the carburisation damage equation in the present work is formulated as below:

               (15)
The carburisation damage (ωcar) ranges from 0 to 1 and its value is set to 0 in the non-carburised layer.

2.5. Governing equations in the proposed model
To summarise, a physics-based coupled creep-carburisation damage model is proposed to predict the damage process in HP40Nb cracking furnace tube, by taking into account both the different microscopic damage processes of the carburised vs. non-carburised layers (xi < x for the carburised layer, and vice versa), with the set of governing equations in the multi-axial stress state given below:

        (16)
The total damage, comprising of three damage processes (precipitate coarsening, cavitation and carburisation), is defined as:

               (17)
where ωtotal is the total damage variable. ωpcr, ωncr and ωccr represent the critical damage values for the three respective processes, with their values being 1, 1/3 and 1. The furnace tube is considered as failed when either of the above-mentioned three damage variables reaches its critical value, returning the total damage value of 1.

3. Determination of material parameters
[bookmark: _Hlk117598698][bookmark: _Hlk83117023][bookmark: _Hlk117598827][bookmark: _Hlk117607420]Uniaxial creep tests on the as-cast HP40Nb alloy were conducted over the stress range of 30 MPa to 45 MPa at the temperature of 950 °C, Fig. 2(a). The CTM304-A1 creep frame with the loading capability of 30 kN and lever ratio of 0.02 were used, and all tests were performed at constant load. Overall, with the increase of stress, the creep rupture time decreases, accompanied by the increase of the creep strain at failure. Fig. 2(b) presents the rupture time vs. creep stress in double logarithmic coordinate, from which the parameters of M and p in Equation (11) can be determined. In addition, the minimum creep strain rate shows a linear relationship with the creep stress when plotted in the logarithmic coordinate, Fig. 2(c), from which the values of A and B in Equation (2) are derived. Based on the modified Monkman-Grant relation of Equation (10), the ratio of the rupture time to fracture strain is expected to follow a linear relationship with the minimum creep strain rate in a double logarithmic coordinate, as shown in Fig. 2(d), from which the constants CMMG and m are obtained.

[image: ]
Fig. 2. Uniaxial creep test results of the as-cast HP40Nb alloy at 950 °C: (a) creep time-strain curves at various stress levels; (b) stress dependence of the rupture time; (c) stress dependence of the minimum creep strain rate; (d) the relationship between the minimum creep strain rate and the ratio of rupture time to fracture strain.

[bookmark: _Hlk117599047][bookmark: _Hlk117599094][bookmark: _Hlk117599220][bookmark: _Hlk117599346][bookmark: _Hlk117599384]To determine the material parameters related to the Cr-rich carbide and G phase coarsening damage, i.e. Equations (8) and (9), additional uniaxial creep tests were conducted at 30 MPa and 33 MPa, and they were interrupted at various fractions of the creep fracture strain. This allowed us to perform the quantitative metallography with the aid of scanning electron microscopy (SEM) to examine the gauge portion of each specimen. The Zeiss Ultra 55 field-emission-gun SEM was used and all SEM micrographs were taken using the backscattered electron imaging detector at the voltage of 15 kV. The collated micrographs are shown in Fig. 3 with the left and right columns for the 30 MPa and 33 MPa creep tests, respectively. As a result of creep environment, the Cr-rich M23C6 becomes predominant in the inter-dendritic region, accompanied by the formation of the G phase at the consumption of NbC. With the extension of creep time, the M23C6 size increases, exhibiting a blocky shape covering the whole grain boundary areas. Furthermore, numerous M23C6 secondary carbides are dispersed in the matrix. Quantitative description of the particle coarsening damage is given below; such analysis was based on counting more than 700 individual particles per type.

[image: ]
Fig. 3. Microstructural evolution of the HP40Nb alloy after 950 °C creep at 30 MPa and 33 MPa, interrupted at different creep times.

[bookmark: _Hlk117607901][bookmark: _Hlk117607859]Fig. 4(a) shows the area fraction change of the intergranular Cr-rich carbide, while Fig. 4(b) shows the corresponding variation for the G phase. Prior to creep, the area fraction of Cr-rich carbide is ~5.4% (fa0 in Equation (8)). After creep, the area fraction of carbides reaches nearly 7% at 1000 h. For any time longer, no measurable change can be seen in Fig. 4(a); this applies to both the 30 MPa and 33 MPa creep tests. Therefore, the area fraction of Cr-rich carbide is simplified as a constant value of 7% throughout the creep test duration for simplicity, namely, fat = 7% in Equation (8). In terms of the G phase, its area fraction increases over the creep test, approaching the level of 5% when the creep time exceeds 1700 h, Fig. 4(b). Thus, fbt in Equation (9) has a constant value of 5%, for simplicity. This is reasonable as the G phase would likely keep a stable level with the further exposure time due to the limited Si and Nb concentration [43].

[image: ]
Fig. 4. The relationship between creep time and area fraction of: (a) intergranular Cr-rich carbide and (b) G phase; and (c) equivalent radius distribution histogram of the Cr-rich carbide for as-cast HP40Nb alloy.

The equivalent radius distribution histogram of the intergranular Cr-rich carbide in the as-cast HP40Nb alloy is shown in Fig. 4(c), revealing that most particles have the size of less than 2 μm, and the maximum radius is 6 μm. As a result, the initial radius of Cr-rich carbide ra0 is set to 3 μm in Equation (8). In terms of the G phase, the area fraction and radius at t1 in Equation (9) are assumed to be 0.01% and 0.2 μm, respectively. The earliest time (t1) for the G-phase formation at 950 °C is set to 24 h according to the previous study [44]. Furthermore, material parameters of Ka and Kb reflect the respective coarsening rate of Cr-rich carbide and G phase during creep, and their values were determined by the line of best fit using the ODE45 algorithm in MATLAB.
To derive the material parameters for the prediction of carburisation damage, the high-temperature gas carburisation was conducted on the as-cast HP40Nb alloy at 1050 °C. Electron probe micro-analyser (Shimadzu EPMA-1720) was used to quantify the carbon concentration profile at various carburising times. Fig. 5(a) reveals that the highest carbon concentration locates at the surface and decreases gradually with the depth increase. As the carbon concentration reduces to the level of 0.5 wt.%, a plateau appears. Thus, the thickness of the carburised layer is defined by the carbon concentration of 0.5 wt.%. With the increase of carburising time from 5 h to 20 h, the carburised layer becomes thicker, Fig. 5(a).

[image: ]
Fig. 5. (a) Carbon concentration profile of HP40Nb alloy at different carburisation times; (b) variation of the damage distribution index with the normalised depth.

The carburisation damage distribution index ωx in Equation (14) is derived based on the measured carbon concentration profile, and its variation along the depth is presented in Fig. 5(b). Given that the parameter β is temperature independent, its value can be obtained from the linear fitting curve. The kinetic coefficient k is temperature dependent and the calculated value is 2.8×10-4 for 950 °C [45]. In the cavitation damage equation, the parameter v is regarded as 2.8 according to previous work [29] and the value of α is 0.25 [23]. In addition, the elastic modulus E and Poisson's ratio μ at 950 °C were measured using the impulse excitation technique. All the material parameters used in the proposed model are summarised in Table 1.

Table 1 Material parameters used in the model for the HP40Nb alloy at 950 °C
	E/MPa
	μ
	A
	B
	M
	p
	CMMG
	m
	fa0/%
	fat/%

	114710
	0.124
	1.61×10-9
	0.268
	6×10-13
	6.1
	0.332
	0.91
	5.4
	7

	fb1/%
	fbt/%
	ra0/μm
	rb1/μm
	Ka
	Kb
	α
	v
	k
	β

	0.01
	5
	3
	0.2
	0.012
	0.0001
	0.25
	2.8
	2.8×10-4
	1.21



[bookmark: _Hlk117455688]4. Verification and FE simulation results
[bookmark: _Hlk117600252]Creep curves of the HP40Nb alloy are compared with the model predictions as shown in Fig. 6(a). Overall, both models are capable of predicting the creep rupture time of the HP40Nb alloy at various stress levels, but the proposed model provides the better prediction of the fracture strain varying with the creep stress. Fig. 6(b) to 6(d) present the comparison of the model predicted and experimentally obtained results in terms of the rupture time, minimum creep strain rate and fracture strain, respectively, as a function of stress magnitude. Both models can predict the stress dependence of the creep rupture time with good accuracy, Fig. 6(b). In addition, there is no difference in terms of the predicted minimum creep strain rate, Fig. 6(c). This is as expected due to the same material parameters A and B. The uniaxial creep ductility is constant in the Kowalewski-Dyson model, leading to the stress independent creep fracture strain, Fig. 6(d). By comparison, the correlation between the uniaxial creep ductility and creep stress has been considered in the present model, and thus the dependence of fracture strain on stress magnitude can be predicted.

[image: ] 
Fig. 6. Comparisons of the predicted: (a) uniaxial creep deformation curves; (b) rupture time; (c) minimum creep strain rate and (d) fracture strain at various stress levels for HP40Nb alloy at 950 °C in two physics-based models.

[bookmark: _Hlk117601382][bookmark: _Hlk117601457]Fig. 7 presents the fracture surface and the corresponding microstructural observations of the crept specimens tested at 950 °C at 30 MPa and 40 MPa. Creep cavities appear at the region close to the fracture surface and associated with the inter-dendritic boundaries. With the increased creep stress (Fig. 7(a) vs. 7(b)), a considerably higher number density of cracks is observed, suggesting the high stress dependency of creep cavitation damage. The enlarged SEM micrographs reveal three types of precipitates including the M23C6, NbC and G phase. It is clear that the creep cavities and micro-cracks are associated with the inter-granular M23C6 and G phase. This observation is consistent with the previous work [7-9], where the cavitation damage was found to be promoted by the inter-granular precipitation of the Cr-rich carbide and G phase. As a result, it is reasonable to consider the precipitate coarsening (Cr-rich carbide and G phase) and cavitation as the micro-damage mechanisms in the proposed model for the purpose of predicting the creep life of the HP40Nb alloy.

[image: ]
Fig. 7. Metallography examination of the fracture surface and the detailed microstructure of the crept specimens tested at 950 °C: (a) 30 MPa and (b) 40 MPa.

[bookmark: _Hlk117601801]To study the damage evolution and lifetime of cracking furnace tube in the coupled creep and carburisation environments, the proposed model was compiled by the user subroutine (UMAT) using FORTRAN language. The finite element (FE) modelling was carried out using the ABAQUS software, with the configuration to run the user subroutine. A 2D plane strain model was established to simulate the damage evolution in the cross section of the furnace tube, as shown in Fig. 8. The outer diameter and thickness of the tube are 63.5 mm and 6.4 mm, respectively. The element type of plane strain CPE4 was used, with a total of 2232 nodes and 1984 elements for the mesh. The internal pressure of 0.45 MPa was applied to the inner surface. The boundary conditions at the top and bottom of the furnace tube were assigned to be U1 = UR3 = 0 to limit the movement in X-direction and the rotation in Z-direction, while the boundary conditions of U2 = UR3 = 0 were applied in the left and right sides of the tube to limit the movement in Y-direction and the rotation in Z-direction. 

[image: ] 
Fig. 8. Finite element (FE) model of the ethylene cracking furnace tube.

Fig. 9 presents the distribution of the von Mises stress and maximum principal stress along the radial direction at different service times. In the initial state of 0 h, the peak von Mises stress is 2.20 MPa in the inner wall, and the stress value decreases gradually to 1.51 MPa towards the outer wall, Fig. 9(a). When the tube is exposed to the creep and carburisation environments, the von Mises stress redistribution occurs. In the first 10000 h, the von Mises stress in the whole cross section shifts down. With the increase of service time, the von Mises stress in the inner wall continues to reduce, while the stress in the outer wall starts to increase. As the service time reaches 59600 h, the maximum value of the von Mises stress in the inner wall decreases to 1.99 MPa, and the stress magnitude in the outer wall increases to 1.59 MPa. In terms of the maximum principal stress, its distribution along the radial direction for the condition of entering the service is similar to the von Mises stress, Fig. 9(b). The maximum principal stress decreases from 2.01 MPa in the inner wall to 1.59 MPa in the outer wall. After the service exposure, the maximum principal stress in the inner wall reduces continuously, while the maximum principal stress in the outer wall keeps increasing. After 59600 h service exposure, the peak stress difference in the inner wall (1.85 MPa) vs. outer wall (1.82 MPa) is diminished to virtually zero. In addition, the lowest value of the maximum principal stress is 1.76 MPa, appearing at the position of 2.4 mm away from the inner wall. To summarise, the stress gradient in the cracking furnace tube reduces gradually with the increasing service time.

[image: ]
Fig. 9. Stress variation in the radial direction at different service times: (a) von Mises stress; (b) Maximum principal stress.

Fig. 10(a) and 10(b) exhibit the distribution of precipitate coarsening damage and cavitation damage in the radial direction at different service times, respectively. In the early stage of service exposure, the precipitate coarsening damage accumulates with a very fast speed, Fig. 10(a). The maximum damage in the outer wall of the tube rises to 0.39 at 10000 h, and the minimum damage located in the inner wall also increases to 0.38. With the prolonged service time, the damage growth rate slows down. When the service time is 59600 h, the coarsening damage in the outer wall increases to 0.65. By comparison with the precipitate coarsening damage, the increment of cavitation damage is extremely slow in the initial stage, Fig. 10(b). This is as expected given that the internal pressure of the cracking furnace tube is very low (0.45 MPa). With the increased service time, the cavitation damage rate becomes comparatively high, especially in the inner wall, creating a deep damage gradient, see the distribution at time of 59600 h in Fig. 10(b). The presence of severe cavitation damage in the inner wall of the cracking furnace tube, as predicted by our simulation results, can be understood, since both the maximum principal stress and von Mises stress shows their maximum values in the inner wall, Fig. 9.

[image: ]
Fig. 10. Variations of: (a) precipitate coarsening damage; (b) cavitation damage and (c) carburisation damage in the radial direction of the cracking furnace tube at different times.

Fig. 10(c) shows the distribution of carburisation damage in the radial direction at different service times. Overall, with the increase of service time, the thickness of carburised layer increases continuously, accompanied by the growth of the carburisation damage in the inner wall. As expected, the carburisation damage is always equal to 0 in the outer wall. At 10000 h, the maximum carburisation damage is about 0.30 in the inner wall and the thickness of carburised layer is approximately 0.8 mm. At 20000 h, the highest carburisation damage increases to 0.46, and the layer thickness is about 2.0 mm. At 59600 h, the maximum damage in the inner surface is 0.87, and the carburising layer thickness also exceeds 50% of the tube thickness. It is worthwhile to note that the creep strain rate increases sharply once the carburisation damage approaches its critical value of 1, according to Equation (16). This vastly reduces the convergence of the model calculation, triggering the termination of the FE simulation. This implies that the growth of carburisation damage in the final stage contributes to the ultimate failure of the cracking furnace tube.
Fig. 11(a) presents the variation of the total damage in the hoop direction of the inner wall surface and the damage contour at 59600 h. The total damage keeps uniform at the same distance from the inner wall surface. This is as expected because the von Mises stress and the maximum principal stress would be the same along the hoop direction, in view of the symmetry of the furnace tube. Fig. 11(b) shows the total damage distribution with respect to the distance from the inner wall surface, namely, along the radial direction. The total damage decreases monotonically with the increasing distance from the inner surface followed by reaching a stable value. Furthermore, the damage value increases continuously with the service time. Given that the low level of cavitation damage, Fig. 10(b), the total damage is mainly attributed to the precipitate coarsening and carburisation, with the damage gradient of inner vs. outer wall surface dominated by the carburisation process. For the outer surface, i.e. the non-carburised layer, the total damage is dominated by precipitate coarsening. At 10000 h in Fig. 11(b), the maximum damage level is 0.56 in the inner surface. At 59600 h, the peak damage level reaches as high as 0.95 in the inner wall, indicating that the lifetime of the ethylene cracking furnace tube is close to failure.

[image: ] 
Fig. 11. Variations of total damage in the: (a) hoop direction of the inner surface and (b) radial direction at different times. Note: the figure inset in (a) is a quarter circle of the tube taken at the time of 59600 h from the FE simulation to illustrate a uniform distribution of total damage along the hoop direction, whilst a non-uniform distribution along the radial direction.

Since the eventual failure occurs in the inner surface of the cracking furnace tube, a closer examination of the evolution of both the stress and damage in the inner wall surface is presented in Fig. 12 as a function of service exposure time. Fig. 12(a) shows that both the von Mises stress and the maximum principal stress are relaxed over the service time. In the initial 10000 h, the stress relaxation rate is higher compared to the later stage. Overall, such a low level of stress also contributes to a marginally little cavitation damage, as seen in Fig. 12(b). In the initial stage, the damage evolution of precipitate coarsening is apparently faster. With the increasing service time, the growth rate of precipitate coarsening damage is lower than that of carburisation damage. The carburisation becomes the dominant damage in the inner wall of the tube when the service time exceeds 24000 h.

[image: ]
Fig. 12. (a) Stress variation and (b) damage variation in the inner wall surface of the cracking furnace tube during the service.

5. Discussion
[bookmark: _Hlk117604383][bookmark: _Hlk117604627][bookmark: _Hlk117604697]In the proposed model, the parameters fat and fbt represent the area fractions of Cr-rich carbide and G phase, and their values are assumed as the constant in the FE simulation. Thus, a sensitivity study of these two parameters was performed by keeping the other parameters listed in Table 1 the same. Fig. 13(a) and 13(b) present the predicted creep deformation curves (950 °C and 30 MPa) and the rupture time of HP40Nb alloy with different values of fat and fbt. Under the condition of a fixed value fbt = 5%, the value of fat is varied from 5.4% to 13%. With the increased fat value, the predicted creep life becomes longer, with a monotonic increasing trend. This implies that the choice of fat value (Fig. 4(a)) could affect the life prediction accuracy. In terms of the fbt value, its effect on the creep life is completely different by comparison of the fat value. By fixing the fat value as 7%, the value of fbt is varied from 0.01% to 8%. Fig. 13(b) shows evidently that the creep rupture time ascends vastly with the increased value of fbt until 2%, followed by virtually no effect between the value range from 5% to 8%. Therefore, the further increase of the area fraction of G phase has little effect on the predicted rupture time, and the value choice of 5% (Fig. 4(b)) is acceptable for the life prediction of the component. In addition to the area fraction of Cr-rich carbide (fbt), the choice of initial radius of the Cr-rich carbide (ra0) may also generate some discrepancy in terms of the predicted results. For this purpose, the sensitivity study was performed by varying the ra0 value from 1 to 6 μm with 1 μm step size. As shown in Fig. 13(c) and 13(d), the creep rupture time increases monotonically with the increased radius. With the current set of material parameters (Table 1), the ra0 value of 3 μm provides a better agreement with the experimental observation.

[image: ]
Fig. 13. (a) Creep time-strain curves and (b) variation of rupture time with different fat and fbt at 950 °C and 30 MPa; (c) creep time-strain curves and (d) variation of rupture time with different ra0 at 950 °C and 30 MPa.

Due to the carburisation damage (Fig. 12(b)), the growth of total damage is accelerated, and the lifetime of the cracking furnace tube is shortened. To evaluate the effect of carburisation on the other types of damage (i.e. precipitate coarsening and cavitation), a further FE simulation was conducted for the cracking furnace tube by not considering the carburisation damage. Fig. 14 compares the damage evolution of the precipitate coarsening and cavitation under the condition of with and without carburised layer for the node with the maximum total damage. In terms of the precipitate coarsening damage, whether or not considering the carburisation shows virtually no effect, Fig. 14(a); by contrast, the growth rate of cavitation damage is comparatively larger under the condition of carburisation, Fig. 14(b). Since the cavitation damage rate is linearly correlated to the equivalent strain rate, according to Equation (16), the cavitation damage value is expected to be greater if the carburisation damage is considered. Fig. 14(c) compares the total damage under the condition of with and without carburisation damage. By considering the carburisation damage, the total damage reaches 0.95 at 59600 h, whereas the maximum total damage is 0.70 even after the service time of 100000 h if the carburisation damage is not considered. In the viewpoint of the safety and reliability of ethylene cracking unit, it is important to monitor the carburisation level and updating the model input.

[image: ]
Fig. 14. Comparisons of damage evolution with and without carburisation: (a) precipitate coarsening damage; (b) cavitation damage; (c) total damage.

Although the physics-based model has been developed for the purpose of predicting the lifetime of cracking furnace tube made of HP40Nb alloy, it can be readily generalised into other forms as long as the micro-damage mechanisms are appropriately captured. For most heat-resistant alloys, different types of particles coarsen continuously over the thermal exposure, which contribute to the final creep fracture. Equation (8) and Equation (9) in the proposed model represent the coarsening damage processes related to the already existing (enter into service) and newly formed (due to prolonged thermal exposure) precipitates, respectively. Linear damage addition is used to reflect the effect of different particles on the total precipitate coarsening damage. When the cracking furnace tube is exposed to the carboniferous environment, carburisation accelerates the damage accumulation, leading to the premature failure of the tube. The uniform carburisation damage ω0 is defined as the ratio of the present carburisation area to the critical area. For the cracking furnace tube in the tubular shape, the uniform damage is presented in Equation (13). However, the carburisation damage can be expressed as different equations depending on the geometry of the engineering component. Moreover, carbon diffusion not only increases the carbon concentration, but also results in the increased hardness. In this sense, the hardness measurement might be more economical in terms of deriving the heterogeneous carburisation damage index.
[bookmark: _Hlk112702316]As shown in Fig. 9 and Fig. 12(a), both the von Mises stress and maximum principal stress are distributed heterogeneously across the tube section and they vary over the service time. In previous work [46, 47], the stress magnitude promotes the coarsening of precipitates in the creep process. However, the distribution of precipitate coarsening damage keeps uniform in the non-carburised layer, as presented in Fig. 10(a). This is attributed to the precipitate coarsening damage equation, which is independent of the stress magnitude. In the future work, the effect of stress level on the coarsening of different particles needs to be developed so that it can align to the underlying mechanisms of precipitate growth.

6. Conclusion
[bookmark: _Hlk117605631]A physics-based damage model is developed for capturing the heterogeneous damage process occurring in the cracking furnace tube made of HP40Nb alloy due to the exposure in the coupled creep-carburisation environment. The model has three distinctive strength aspects when compared to the previous work: first, the particle coarsening damage part can involve more than one particle types; second, the cavitation damage part considers the stress dependency of creep fracture strain; and third, the carburisation, cavitation and particle damage processes are coupled into one material constitutive law. By combining the present model with finite element approach, the damage evolution in the cracking furnace tube with the thickness of 6.4 mm, operating at 950 ºC and under the internal pressure of 0.45 MPa, can be predicted. The cavitation damage is insignificant during the whole service process due to the low pressure. The precipitate coarsening damage is greater than the carburisation damage in the early stage of service, while the carburisation is predominant at the later stage. In the end, the total damage reaches the critical value at 59600 h and the carburisation damage layer exceeds 50% of the tube thickness. The tube fails in the inner wall surface which agrees with the operational experience.
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Appendix: Derivation of G phase coarsening damage equation
The G phase is absent in the HP40Nb alloy at the initial state. To correlate its coarsening damage with interparticle spacing, G phase is considered to form in the intergranular region at the time exposure t1. Therefore, the coarsening damage of G phase is defined as

                          (A1)


where lb1 and lbt denote the interparticle spacing of G phase at its formation time t1 and the time of interest t, respectively. Based on the precipitate spacing model in Equation (6), the values of lb1 and lbt are  and , respectively. rbt is the present radius of G phase. Similarly, the coarsening of G phase follows the Ostwald ripening kinetics:

                          (A2)
Therefore, the evolution of intergranular G phase coarsening damage is derived by the combination of the Equations (A1) and (A2), resulting in Equation (9).

Data availability
The raw/processed data required to reproduce these findings cannot be shared at this time as the data also forms part of an ongoing study.
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