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Failure mode analysis of SMAW welded UNS N08028 (Alloy28) superaustenitic stainless steel under crack growth tests

The Fatigue Crack Growth (FCG) behavior of welded UNS N08028 (Alloy28) superaustenitic stainless steel was investigated in this paper. Alloy28 superaustenitic stainless steel was welded using Shielded Metal Arc Welding process. The FCG behavior was studied under two load ratios (0.1 and 0.5) and for different specimen configuration: Base Metal (BM), Weld Metal (WM) and Welded Joint (WJ). The results indicated that FCG rates of WM specimen is lower than BM specimen at R = 0.1. Moreover, load ratio affects the FCG rate for BM and WM specimen. In addition, the observation of fatigue crack growth path of WM displayed that crack follows dendritic orientation giving a tortuous crack path, while it is less tortuous for BM specimens. Scanning Electron Microscope (SEM) observations of BM fractured surfaces showed that damage mechanism is intergranular for lower ΔK value, and transgranular for higher ΔK value. Moreover, SEM observations of WM fractured surface showed the presence of welding defects which can affect negatively fatigue crack growth resistance at R = 0.5.

Introduction

Superaustenitic stainless steels are widely used in the pressure vessel manufacturing. Their high mechanical and corrosion resistances make them the most used stainless steels for this application and they can be welded to assembly different structures. Welded zone is considered as a mechanical and microstructural heterogeneity which can affect fatigue resistance of the component during cyclic loading. Numerous investigations focused on fatigue resistance of welded austenitic stainless steel and especially their fatigue crack growth behavior [1-5]. They showed that crack growth rate is faster in Base Metal than Weld Metal.

Tsay et al. investigated the FCG behavior of AISI 304 stainless steel in air and H2 [START_REF] Tsay | The effect of microstructures on the fatigue crack growth in Ti-6Al-4V laser welds[END_REF]. They showed that the faster FCG rate of Base Metal compared to Weld Metal is caused by the presence of compressive residual stresses in the Weld Metal crack tip. Authors showed also that this result is due to a tortuous crack path and the high roughness of Weld Metal fractured surface. Li et al. investigated FCG behavior of a welded ferritic-martensitic cold rolled DP780 dual phase steel at room temperature [START_REF] Li | Microstructure and fatigue crack growth behavior in tungsten inert gas welded DP780 dual-phase steel[END_REF]. Authors found that Weld Metal has a FCG rate lower than Base Metal. They showed that this result is due to the hard martensite microstructure, which limits the size of the plastic zone at the crack tip. Deng et al. investigated FCG behavior of dissimilar 9Cr/CrMoV welded joint using different stress ratio and specimen configuration [START_REF] Deng | Microstructure correlation and fatigue crack growth behavior in dissimilar 9Cr/CrMoV welded joint[END_REF]. They found that stress ratio affects FCG of Base Metal, Weld Metal and Heat Affected Zone (HAZ). This is due to the presence of crack closure induced by plasticity. Authors found also that Weld Metal has a better FCG resistance compared to Base Metal and HAZ because of the presence of a tortuous crack path. Al-Haidary et al.

investigated Fatigue Crack Growth (FCG) behavior of welded 316L stainless steel at room temperature [START_REF] Al-Haidary | Fatigue Crack Propagation in Austenitic Stainless Steel Weldments[END_REF]. They pointed out the good resistance of Base Metal to crack propagation compared to Weld Metal. This is mainly due to the presence of tensile residual stress in welded zone.

In this context, this paper investigates FCG behavior of welded Alloy 28 superaustenitic stainless steel at room temperature. Microstructure, micro-hardness profile and tensile properties were analyzed on Base Metal and Weld Metal. The FCG rate on Base Metal, Weld Metal and Welded Joint specimens were determined for two different load ratios. Subsequently, morphological observations of fractured specimen and crack path were performed to better analyze the FCG behavior and failure mode.

Materials and methods

Hot rolled Alloy28 superaustenitic stainless steel sheets were used in this study. Alloy28 sheets were welded using Shielded Metal Arc Welding (SMAW) process in order to manufacture pressure vessels. Welding was made on Base Metal using commercially available filler metal (Sanicro 28). The stainless steel sheets were first prepared by chamfering and grinding the edges in order to make an X form. The industrial welding parameters and the heat input in each block of the 15 welding passes are given in Table 1.

Metallographic observations were carried out on several specimens prepared by grinding using 120, 240, 320, 600, 800, 1000, 2000 and 4000 grits of SiC papers, followed by the final polishing with 3µm and 1µm alumina powders. Then, specimens were etched using electrolytic etching in an aqueous solution of 10% wt. of oxalic acid at 5V during 20 seconds.

Microstructure was investigated using optical microscope and Scanning Electron Microscope (SEM) equipped with energy dispersive spectroscopy (EDS) point analysis. Micro-indentation Vickers hardness tests were performed on Base Metal and weld Weld Metal at a load of 300 mN using a microhardness Fischer HM T3 XY-prog model.

Tensile tests were carried out at room temperature on cylindrical specimens machined in Base Metal and Weld Metal using an axial servo-electric machine (Instron 1362 100 kN) with a load train and compact digital electronics control. Base Metal specimens were taken along the rolling direction of the Alloy28 sheets. Tensile samples have a cylindrical form with a diameter of 4.3 mm and a length of 56 mm. Weld Metal samples were machined in the welding direction. WJ specimens were welded perpendicularly to welding direction and contain a 5 mm weld nugget in its center. For all tests, the applied strain rate was equal to 10 -3 s -1 and the strain was measured using an extensometer with a gauge length of 12.5 mm.

Tensile tests were performed following the standard ASTM: E8/E8M -16a Standard Test Methods for Tension Testing of Metallic Materials. FCG tests were conducted on a servohydraulic test machine at room temperature in a laboratory air environment (Fig. 1). FCG tests were performed according to ASTM E647 under constant load control with a sinusoidal loading waveform at a frequency of 20 Hz and load ratio ranging from 0.1 to 0.5. Crack length was measured continuously by the compliance method with a crack mouth clip gauge.

Optical measurements were periodically taken to calibrate the compliance method. A Compact Tension (CT) specimen with a 32 mm width, 8 mm thickness was used. Fig. 2 shows an illustration of the tested sample, including its dimensions. Three types of CT configuration were machined following different direction as shown in Fig. 3 a), b) and c) respectively: in the L-T direction in order to have a notch axis perpendicular to the rolling direction, named CT-BM, CT specimens notched in the weld metal named CT-WM, and CT specimens notched perpendicularly to Weld Metal named CT-WJ.

Results and discussions

Microstructure, Hardness profile and tensile properties

Chemical composition of Base Metal, Weld Metal and filler metal are showed in Table 2. It can be seen that Cr and Ni content are similar in Base Metal and Weld Metal which lead them compatible to welding. Optical micrographs showing the microstructure of Base Metal and Weld Metal are displayed in Fig. 4. The microstructure of Base Metal is fully austenitic and no delta ferrite or carbide precipitates were observed. The microstructure consists of equiaxed grains and twins and they can be observed in the austenitic matrix. The austenitic grains are randomly oriented with sizes range between 100 µm and 200 µm. The microstructure of Weld Metal presents dendritic grains oriented following welding passes direction. The microhardness profile across the weld bead is shown in Fig. 5. It can be noted that the hardness value of Weld Metal reaches 330 HV at the middle of the welding then decreases unto 220 HV in the Base Metal. The tensile properties of Base Metal and Weld Metal are showed in Fig. 6. Both of the tested materials present a ductile behavior but the mechanical properties are different. Indeed, it can be found that yield stress and tensile strength of Base Metal are lower than Weld Metal. Meanwhile, the elongation of Base Metal is also much higher than Weld Metal (A% = 15.2% and 7.5% respectively) which can be confirmed by the necking coefficient value (Z% = 62% and 41% respectively).

Fatigue Crack Growth tests on Alloy28 Base Metal (CT-BM)

FCG tests results

In order to study the effect of load ratio on FCG rate, Fatigue Crack Growth tests were carried out on CT-BM specimens with a load ratio equal to 0.1 and 0.5. The evolutions of crack length versus the number of cycles as well as FCG rate (da/dN) versus stress intensity factor ΔK were depicted in Fig. 7 and8 respectively. Crack growth rate was determined using the Eq. 1:

= (1)
ai and Ni are the crack length and number of cycles at the measurement time i respectively.

The stress intensity factor amplitude ΔK for CT specimens could be calculated according to Eq. 2.

[9] :

∆ = ∆ √ × , , , , , (2) 
where B is the specimen thickness, W is the specimen width, ΔP is the applied loading amplitude, α is the fatigue crack coefficient defined by and a is the crack length.

Generally, the fatigue crack growth process can be divided into three regions: slow expanding region (I), stable expanding region (II) and rapid expanding region (III). In this study, the tests were mainly performed in the region (II), which is the most valuable to estimate the fatigue life. The conventional Paris model [10-12], given by Eq. ( 3), was applied to describe the FCG behavior of the investigated steels:
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da/dN is the Fatigue Crack Growth rate, ΔK is the stress intensity factor range, C and m are constants that depend on the tested materials.

The Fatigue Crack Growth rate data for CT-BM specimens are summarized in Fig. 8 in terms of the relationship between the FCG rates (da/dN) and stress intensity factor (ΔK). Paris law parameters extracted from da/dN curves are reported in Table 3. It can be seen that FCG rate is higher for R = 0.5 test. For example, for ΔK = 15 MPa√m, da/dN = 1.3x10 -8 m/cycle at R = 0.5 and da/dN = 3x10 -9 m/cycle at R = 0.1. In order to understand the origin of the difference between FCG rate at R = 0.1 and 0.5 and to clarify the fatigue fracture process, examinations of the fatigue fracture surfaces of Base Metal specimens are essential.

Morphological analysis of CT-BM specimens

The fatigue crack growth path and fractography observations could be used to reveal the microstructure detail where crack grows through, to identify the characteristics of the FCG as well and the fine-scale fatigue fracture features. Therefore, optical microscopy of crack path and SEM observations of fractured CT-BM specimens tested at R = 0.1 and R = 0.5 were carried out.

Fig. 9 shows the crack path observation of CT-BM specimen tested at R = 0.5. It can be seen that crack path presents few deviations with some crack branching. Moreover, it seems that at lower ΔK value (10 and 11 MPa√m), crack path is dependent on microstructure and propagates in grain or twin boundaries. For higher ΔK value, crack propagates and crosses grains and twins giving a transgranular propagation mode. In order to explain the relationship between FCG behavior and microstructure, the reversible plastic zone (RPZ) size was determined for lower and higher ΔK value in the stage II of crack propagation. The RPZ size (rp) under plane stress condition was defined as presented in Eq. 4

[14]:
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Where ΔK is the stress intensity factor range, and 0.2 is the yield strength. Rp values corresponding to different ΔK values are summarized in Table 4. highlighted the presence of crack closure by crack tip plasticity of a 304L austenitic stainless steel at low load ratio (R = 0.1). In order to underline the effect of plasticity on crack closure, Pommier [START_REF] Pommier | Plane strain crack closure and cyclic hardening[END_REF] showed that there is a relation between crack closure and cyclic behavior of a 316 austenitic stainless steel. This latter reveals an elevated Bauschinger effect which shows a high kinematic hardening. Pommier showed also that crack closure is directly linked to kinematic hardening in crack tip [START_REF] Pommier | Plane strain crack closure and cyclic hardening[END_REF].

It can be considered that crack closure of CT-BM specimen is due to the roughness of crack surfaces as well as high plasticity in crack tip zone. As a conclusion, the difference between FCG rates of CT-BM specimens can be attributed to the roughness-induced and plasticityinduced crack closure phenomenon during the unloading process at R = 0.1.

Fatigue Crack Growth tests on Alloy28 Weld Metal (CT-WM)

FCG tests results

Fatigue Crack Growth tests were also performed on CT-WM specimen for the two load ratios: 0.1 and 0.5. All results were revealed from binocular measurement, which limits the number of point in the da/dN-ΔK curves. Fig. 13 summarizes the FCG behavior of the CT-WM specimens. It can be seen that FCG rate is significantly faster at R = 0.5 in the studied ΔK range. For example, at ΔK = 20 MPa√m, FCG rate is equal to 3.2x10 -8 m/cycle at R = 0.5 and to 10 -8 m/cycle at R = 0.1. Table 5 shows the characteristic of da/dN curves in the Paris domain. In order to understand the origin of this discard, fatigue crack propagation path and fracture surface observations of CT-WM specimens were performed.

Morphological analysis of CT-WM specimens

In this section, only specimen tested at R = 0.5 is investigated. 

Comparison of Crack Growth Rate between CT-BM and CT-WM specimens

The Fatigue Crack Growth rate data for Base Metal and Weld Metal at R = 0.1 and 0.5 are summarized in Fig. 17. It can be observed that at R = 0.1, FCG rate of CT-BM and CT-WM is lower than tests at R = 0.5. This result is probably due to crack closure phenomenon which appears for tests performed at R = 0.1. As shown in Fig. 17, FCG behavior of CT-WM specimen is close to that of CT-BM specimen tested at R = 0.5. In contrast, da/dN-ΔK curve of CT-WM at R = 0.1 is lower to that of CT-BM specimen and especially at high ΔK values.

This result can be explained by the high tortuosity of fatigue crack path of CT-WM specimen which enhances FCG resistance. Therefore, the combined effect of crack deflection, dendritic orientation and crack closure at R = 0.1 enhanced the crack growth resistance in CT-WM specimen more than in coarse-grained stainless steel such as CT-BM specimen. It was also deduced from previous work that welded zones present an important value of tensile or compression residual stresses [5]. In the case of this study, residual stresses were not been quantified. However, it can be supposed that residual stresses can be combined with other phenomena cited above and induce the contact between crack lips at R = 0.1, and then reduce FCG rate in the welded structure compared to R = 0.5.

Despite the high tortuosity of CT-WM crack path, FCG rate doesn't seems to be affected by this morphology and it is close to FCG rate of CT-BM at R = 0.5. These phenomena can be balanced producing a slight variation of FCG rate between Base Metal and Weld Metal zones in CT-WJ specimen.

Conclusions

The Fatigue Crack Growth behavior of SMAW welded Alloy28 superaustenitic stainless steel is investigated in this study. The main conclusions are drawn as follows:

(1) Fatigue Crack Growth rate is affected by load ratio for Base Metal and Weld Metal specimens. This result is due to the presence of roughness-induced and plasticity-induced crack closure at lower load ratio.

(2) Base Metal specimens present a crack propagation mode influenced by microstructure for lower ΔK values, while for higher ΔK, crack propagation mode is transgranular with the presence of fatigue striations.

(3) Damage mechanisms of Weld Metal specimens are highly dependent to microstructure at different ΔK value.

(4) Based on microstructural observation of fatigue crack growth path of Weld Metal specimen, it is found that crack follows dendritic orientation giving then a tortuous crack path which enhances Fatigue Crack Growth resistance at R = 0.1.
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 10 Figs. 10 show SEM observations of fractured CT-BM specimen tested at R = 0.5 for different ΔK values. At ΔK = 11 MPa√m (da/dN = 3.2x10 -9 m/cycle), local propagation is observed on a grain or twin, which confirm a transgranular propagation mode. At ΔK = 15 and 20 MPa√m, fractured surface presents several cleavage facets, relief appearance and secondary cracks.

  At relatively low stress intensity factor range (ΔK = 11 and 15 MPa√m), the reversible plastic zone (RPZ) size of Base Metal specimens is smaller than austenitic grain size, so the fatigue crack propagates by a mechanism that follows individual deformation mode of the localized area inside the grain and adjacent to the grain or twin boundaries[START_REF] Goto | Formation of a high-cycle fatigue fracture surface and a crack growth mechanism of ultrafine-grained copper with different stages of microstructural evolution[END_REF]. At higher ΔK value (ΔK = 20 MPa√m), the RPZ size of Base Metal specimens is larger than the grain size, which enables the crack to interact with several grains during cyclic loading and to grow along grain boundaries, presenting a transgranular fracture mode[START_REF] Ho | Fatigue properties of ultrafine grained low carbon steel produced by equal channel angular pressing[END_REF]. Additionally, RPZ values in BM show that plastic zone size increases and exceeds grain size value when ΔK reaches 20 MPa√m, inducing then plasticity-induced crack closure at lower load ratio. In fact, at R = 0.5 crack closure are assumed to be limited, which is not the case at R = 0.1[START_REF] Xiong | Fatigue crack growth behavior in fusion zone of 16MnR steel weldment[END_REF]. Otherwise, Alloy28 Base Metal shows a high Bauschinger effect[START_REF] Kchaou | Microstructural, compositional and mechanical investigation of Shielded Metal Arc Welding (SMAW) welded superaustenitic UNS N08028 (Alloy28) stainless steel[END_REF]. This can produce the contact between crack lips and causes crack closure. In addition, slip bands appearing on crack lips during cyclic loading can produce crack surface contact and contribute directly to crack closure phenomenon.Referring to previous work, Trudel[START_REF] Trudel | Fatigue crack growth in the heat affected zone of a hydraulic turbine runner weld[END_REF] showed that crack path deviations of a martensitic stainless steel reduce FCG at R = 0.1. In this work, it has been found that crack closure is induced by plasticity, roughness, oxide, viscous fluid and phase transformation[START_REF] Newman | Mechanics of fatigue crack closure[END_REF].Vor [21] 

Fig. 16 .

 16 Fig.[START_REF] Ho | Fatigue properties of ultrafine grained low carbon steel produced by equal channel angular pressing[END_REF]. At ΔK = 11 and 15 MPa√m, fractured surface seems to have a roughly aspect with the presence of several secondary cracks. On the other hand, it can be observed the presence of brittle particles in the whole of fractured surface of the Alloy28 stainless steel as found in a previous work[START_REF] Kchaou | Microstructural, compositional and mechanical investigation of Shielded Metal Arc Welding (SMAW) welded superaustenitic UNS N08028 (Alloy28) stainless steel[END_REF]. These particles are considered as welding defect which can produce a

)

  It can be supposed that different phenomena can be compensated in CT-WM specimen, such as plasticity, welding defects, residual stresses, tortuosity and roughness, and lead FCG behavior similar to CT-BM specimens at R = 0.5. Concerning CT-WJ specimen, it presents an almost stable Fatigue Crack Growth rate between Base Metal and Weld Metal zones which can be attributed to combination of crack deflection, roughness-induced crack closure, plasticity-induced crack closure, welding defects and residual stresses.
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 122457895101819201421 Figure 1. Fatigue crack growth test machine

  

  

  

  

  

  Lieurade et al. indicated that generally fatigue resistance of most weld metals depends not only on mechanical In addition, as the crack closure phenomenon is absent in CT-WM specimen at R = 0.5, welding defects can accelerate crack growth rate and lead to decrease the FCG resistance and make it close to FCG behavior of CT-BM.Fatigue Crack Growth tests were performed on CT-WJ specimen notched perpendicularly to welded joint as shown in Fig.3 c). The test was carried out at constant ΔK = 20 MPa√m and at R = 0.1. Crack propagates initially in the Base Metal in the rolling direction, and then reaches Weld Metal zone. This test enables to determine FCG rate evolution when crack reaches Weld Metal. The cycle counter was initialized to zero when crack begins to propagate in Weld Metal. Crack length evolution versus number of cycles curve as well as FCG rate versus crack length in Base Metal and Weld Metal zone can then be determined (Fig.18and Fig.19 respectively). Crack length evolution presents a linear law with a slope equal to 4x10-6 mm/cycle and 3x10 -6 mm/cycle for Base Metal and Weld Metal zone respectively. Although the microstructure of Weld Metal is mainly constituted of hard dendritic grains, which limits the size of plastic zone at crack tip as showed in table 5, FCG rate is almost close to the one of Base Metal zone, with a slight decrease. This can be explained by the presence of different phenomenon such as welding defects and residual stresses which can be compensated and balanced that leads to have a similar FCG rate in Weld Metal and Base Metal zone. In order to understand this behavior, SEM observation of fractured CT-WJ specimen is necessary.Optical micrograph of crack path of Weld Metal specimen is showed in Fig.20. It can be seen that crack path is more tortuous when crack reaches Weld Metal zone. It can be noted also that dendritic orientation is perpendicular to crack propagation axis, giving then a cellular shape contrarily to CT-WM specimens. The fatigue crack path deflection of CT-WM is more pronounced than CT-WJ specimen. The difference of crack path morphology and of microstructure orientation can induce a slight increase of FCG rate in Weld Metal zone compared to CT-WM specimen (3x10 -8 m/cycle and 10 -8 m/cycle respectively). The optical micrograph of fractured surface of CT-WJ specimen is displayed in Fig.21. It can be seen that there is a difference between surface morphology of Base Metal zone and Weld Metal zone with a rougher aspect in the Base Metal zone. SEM observations of the different zone of CT-WJ specimen were carried out and showed in Fig.22. It can be observed that Base Metal presents a high roughness surface compared to Weld Metal. The stability of FCG rate between the two studied zones can be explained by the presence of multiple phenomena, as roughnessinduced crack closure in Base Metal which decelerates FCG rate, and also the presence of brittle particles combined to residual stress in Weld Metal which can accelerate FCG rate.
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properties, but also on internal defects in the structure

[26]

. Welding defects, as porosites between dendrites, microcracks and brittle particles formed after solidification, are considered as stress concentration zones which can increase FCG rate.

Table 1 .

 1 Welding parameters for shielded metal arc welding process

	Number of	Filler metal	Current (A) Voltage (V)	Welding	Heat input
	passes	diameter			speed	(KJ/cm)
		(mm)			(cm/min)	
	1	2.5	60		24.6	3.8
	2-4				29.31	7.45
	5-8 9-12	4	140	26	31.4 33.16	6.96 6.58
	13-15				32	6.81

Table 2 .

 2 Chemical composition of Base Metal and Weld Metal

	Element	Fe	Ni	Cr	Mo	Si
	(wt.%)					
	BM	36.40	31.95	28.00	3.41	0.22
	WM	35.85	33.36	27.00	3.14	0.64
	Filler metal	Bal.	30.9	27.1	3.8	0.9

Table 3 .

 3 Paris law parameters of Base Metal specimens

	R	C	m
	0.1	6x10 -15	4.87
	0.5	2.75x10 -14	4.84

Table 4 .

 4 Value of RPZ and da/dN of Base Metal and Weld Metal specimens

	ΔK (Mpa√m)	rp (µm)	
		BM	WM
	11	43	19
	15	80	35.5
	20	141	62.8

Table 5 .

 5 Paris law parameters of Weld Metal specimens

	R	C	m
	0.1	9x10 -16	5.28
	0.5	4x10 -14	4.63