Fatigue crack propagation in 15-5PH/316L bi-material steels fabricated by laser powder bed fusion
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Abstract
Multi-material laser powder bed fusion (MM-LPBF) offers the possibility of components with material and compositional complexity, as well as the geometric complexity for which additive manufacturing is known. LPBF materials are susceptible to fatigue failures due to stress concentrating roughness and porosity defects. Understanding fatigue failure processes is therefore important to enable adoption of multi-material parts, and suitable combinations of materials may offer a strategy to enhance fatigue performance by resisting crack propagation. This study focused on fatigue crack propagation in 316L/15-5 precipitation hardened (PH) bi-material stainless steels (SS), and the effect of residual stress distribution and yield stress gradient on fatigue crack propagation through the interface. The expected yield stress gradient effect in bi-materials (soft to hard interface) was simulated using FE models, showing a slight shielding effect with a drop in J-integral value. Contour cutting measurements detected a residual stress distribution near the bi-material interface that was tensile in 316L layer and compressive in 15-5PH layer. Fatigue crack propagation rates in bi-materials deviated from those in the corresponding single-material specimens. A relatively small shielding effect due to the yield stress gradient was detected within a short distance of the crack tip from the interface. However, the effects of residual stress were more pronounced and inhibited the crack growth rate by up to 77.8% in regions of 15-5PH SS under residual compression, which suggesting that MM-LPBF parts can be designed such that the compressive residual stress is positioned to intercept and suppress propagating cracks to improve damage tolerance.
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1. Introduction
Many engineering applications such as light water reactors [1] and engine blades [2] benefit from or require changes in material composition at different locations of a part or structure. Multi-material additive manufacturing (MMAM) techniques enable complex shapes to be produced using layer-wise deposition techniques and with control over the composition of material deposited in specific locations [3, 4]. MMAM has enabled microscale compositional heterogeneity for producing microstructured composites with improved toughness [5], as well as integrally manufactured joints that remove the need for separate joining processes after shaping [6]. Multi-material laser powder bed fusion (MM-LPBF) AM enables these possibilities to be realised using engineering grade metal alloys and with the potential for small-scale geometric features and compositional variation, relative to other metal MMAM techniques such as direct energy deposition, due to the smaller laser-melt processing zone and layer heights of LPBF. 
[bookmark: _Hlk200567502]A common microstructural feature of LPBF metals are pores that occur as defects during processing [7]. Pores and other LPBF defects can act as stress concentrations that initiate damage, making LPBF materials generally susceptible to cracking and fatigue failures. Pores can also influence fatigue crack propagation by providing weaker pathways for rapid propagation, or causing crack path deviation [8, 9], although the absence of these effects has been noted for LPBF processed 316L stainless steel with relatively high ductility and densification [10]. Cracks that initiate in one material of a multiple-material (MM) part might propagate through the interface and into the other and so the factors that affect interfacial crack propagation are important for understanding the damage tolerance and assessing lifetimes. The effect of a plasticity mismatch on cracks propagating perpendicular to the interface in a bi-material system has been analysed using analytical models [11, 12] and investigated experimentally [13-15]. In analytical methods, the J-integral has been used as an indicator of the local crack driving force around the crack tips, and to predict crack growth rates. In regions far from a material interface, the near-tip J-integral (Jtip) is stable and equal to the applied far-field J-integral (Jappl). However, in a near-interface region, a crack that approaches an interface from a plastically weaker to a stronger material, the near-tip crack driving force is reduced (Jtip<Jappl) resulting in shielding of the crack tip and diminished crack growth rate in the vicinity of the interface. This concept is known as the yield stress gradient effect, and the opposite occurs (anti-shielding and enhanced crack growth rate) when a crack propagates from a stronger to weaker material. These shielding/anti-shielding effects can be enlarged by larger yield strength (YS) ratio between the interface materials [11, 16]. The yield stress gradient effect has been further confirmed by experimental investigations. A reduction of crack propagation rate caused by crack tip bifurcation was observed by Pippan, R. et al. [17] when a crack grew towards a soft-to-hard interface of ARMCO iron/SAE 4340 steel (with a YS ratio of 3.8) produced by roll bonding. Fatigue crack propagation through the interface of 1Cr18Ni9Ti SS and 20G mild steel joined by explosive cladding (with a YS ratio of 1.7) exhibited shielding when the crack tip was 3 mm from the soft-to-hard interface and crack growth rate reached a minimum value at the interface. An anti-shielding effect was observed when the crack tip approached a hard-to-soft interface due to the fine-grained interfacial region caused by explosion cladding [13]. Crack shielding was also studied within laminated AA5005/AA2024 (with a YS ratio of 1.5) aluminium composite and AA5005 aluminium/DC1 steel composite (with a YS ratio of 2.7) joined by roll bonding. The variations of both Young’s Modulus and YS between Al and Fe alloys made the steel layer a more effective barrier against crack propagation, resulting in a pronounced crack deviation at the soft-to-hard interface in AA5005/DC1 composite at both low and high stress amplitudes. However, in AA5005/AA2024 composite where only different YS exist, an effect of crack growth shielding was only observed at a high stress amplitude [18].
MM-LPBF has been used to process a range of metal and alloy combinations, including Fe/Cu alloys [3], Fe/Ni alloys [14], Fe/Al alloys [19], and Fe/Fe alloys [4]. Composition and hardness variations of MM-LPBF components have been widely reported, however, few studies have investigated fatigue crack growth behaviour near multimaterial interfaces. Santos, L. M. et al. studied fatigue crack propagation along interfaces of bi-materials consisting of LPBF maraging steel that was conventionally joined to H13 steel, 420 stainless steel and CK45E steel substrates [20]. In all material combinations, cracks initiated and grew on the LPBF side near and parallel to the interface, and the substrate steels had only negligible effects on crack growth rate. Fatigue crack propagation normal to the planar interfaces of MM-LPBF IN718 nickel superalloy and 316L SS was carried out by Duval-Chaneac, M. S. et al. [14]. A shielding effect was observed just before cracks crossed interfaces from soft 316L layers to hard IN718 layers (with a yield strength ratio of 1.15 between the two materials), and secondary cracks were observed within the 316L layer. Crack anti-shielding was also observed after propagation through interfaces from hard IN718 to soft 316L, which caused a threefold increase in the crack growth rate and occurred at a distance approximately equal to the plastic zone size from the interface. 
Residual stress is another challenging outcome of laser-processed dissimilar joint alloys that occurs due to the different thermal expansion coefficients of dissimilar materials [21, 22]. In a traditional single material LPBF process, residual stresses develop during the localised melting and solidification, which can be explained by the temperature gradient mechanism (TGM) model and the cool-down phase model [23, 24]. The magnitude of residual stress depends on the material properties, part dimensions, base plate dimensions, and processing parameters [25]. However, in MM-LPBF components, the residual stress distribution is a superposition of solidification-induced residual stress from layer by layer solidification and a local residual stress near the MM interface due to the material property mismatch. Residual stresses have been investigated in MM-LPBF 316L SS/C52400 copper bi-materials and reportedly resulted in micro-cracks at the interface region that significantly influenced the bonding quality and tensile strength [26]. However, the effect of residual stress on fatigue crack propagation within LPBF bi-material components was not investigated. 
This study focuses on MM-LPBF processing of two different grades of stainless steel: Lower strength high-ductility grade 316L SS (YS of 540 MPa and hardness of 228 HV) and higher strength lower ductility 15-5PH SS (YS of 843 MPa and hardness 373 HV) [27]. The interfacial microstructure resulting from MM-LPBF of 316L and 15-5PH SS has been reported to achieve a defect-free interfacial bond, and a YS ratio of 1.56 that is promising for crack shielding based on prior studies. Finite element (FE) models are implemented to estimate the magnitude of crack-tip shielding/anti-shielding. Single- and bi-material bend bars are manufactured and subjected to cyclic three-point bending to establish Paris-law crack growth rate behaviour for single materials and to assess the behaviour of fatigue crack growth at MM interfaces. The residual stress distribution along the cross-sectional plane of the crack path is measured to assess the possible impact of residual tension and compression on crack growth. Fracture surfaces are also observed to determine potential mechanisms affecting crack propagation. The results are useful for developing and evaluating MM LPBF microstructures as a strategy for producing parts with enhanced damage tolerance and extended fatigue lifetimes.
2. Materials and Methods
2.1 Processing of single-/bi-material fatigue specimens
[bookmark: _Hlk200568489]Gas atomized 316L SS and 15-5PH SS powders were supplied by Carpenter (USA) as CT PowderRange 316L and CT PowderRange 155 F. The particles are nearly spherical with a specified size range of 15–45 µm. The chemical compositions of the powders specified by the manufacturer are listed in Table 1. Fatigue bend-bar specimens with total dimensions of 10 mm x 10 mm x 55 mm were manufactured using a Wuhan Huake 3D HK PM250 machine with a laser spot size of 0.15 mm and under an argon gas protective atmosphere. Single-material specimens of 316L SS and 15-5PH SS (Fig. 1(a)) and bi-material specimens with 316L SS as the top half layer (5 mm thick) and 15-5PH SS as the bottom half layer (5 mm thick, as in Fig. 1(b)) were all fabricated with manufacturer-suggested process parameters for SS: Laser power of 300 W, scanning speed of 900 mm/s, hatch spacing of 0.08 mm, and layer thickness of 0.03 mm. All specimens were built on cylindrical support structures (5 mm height, 1.5 mm outer diameter with 0.3 mm thickness) for convenient removal from the 316L SS baseplate. An island scanning strategy was used with a size of 5 mm. The scanning directions changed by 90 degrees in adjacent islands and the position of each island was randomised in each layer such that the boundaries did not overlap and such that the scanning direction was rotated 90 degrees between subsequent layers over portions of each island. These were the same processing conditions and equipment used to produce single-material and bi-material specimens of 316L and 15-5PH SS for microstructural characterisation previously reported by Liang, et al. [27].
Table 1 Supplier specified chemical composition (wt%) of 316L SS and 15-5PH SS 
	Element
	Fe
	C
	Cr
	Ni
	Mo
	Cu
	Mn
	Si
	P
	Nb
	0
	S
	N

	316L SS
	Bal.
	0.03
	16-18
	10-14
	2-3
	/
	2
	0.75
	0.045
	/
	/
	0.03
	0.1

	15-5PH SS
	Bal.
	0.04
	14.6
	4.5
	/
	4
	0.3
	0.7
	0.03
	0.4
	0.03
	0.03
	0.1



[image: ] 
Figure 1 Structure and geometry of fatigue test specimens for (a) 316L SS and 15-5PH SS single materials and (b) 316L SS/15-5PH SS bi-material bend-bar specimens.

2.2 Fatigue crack propagation tests
2.2.1 Fatigue test setup
[bookmark: _Hlk200569424]Fatigue crack propagation tests were carried out under three-point bending Fig. 2(a), using an Instron 8502 servo-hydraulic machine, with sinusoidal loading at a stress ratio R = 0.1, and a cyclic frequency f = 10 Hz. The top surface of the specimens was ground using 120, 800, and 1200 grits abrasive papers and polished using 6 µm and 1 µm diamond paste to obtain a mirror-like surface finish. A wire-cut notch of 1.25 mm depth was made in the centre of the top surface. Crack length, a, was monitored by direct current potential drop (DCPD) method. The fatigue test set up connected with DCPD recording device is shown in Fig. 2(b). Wire 1 and 2 were welded onto far the left and right ends to provide a constant, direct electrical current passing through the sample. Wires 3 and 4 were welded on the top surface near to each side of the initial notch to measure the electrical potential fluctuations (E34) due to the increase in resistivity with crack growth. The baseline potential of the current flow in the specimen was measured on the lateral side (away from the central notch) using wires 5 and 6 (E56). The fatigue crack growth rates da/dN were then derived from the normalised electrical potential variation (E34 / E56) versus time curve, translated to an empirically determined crack length (a) versus number of load cycles (N) [14], and da/dN was determined by the secant method. Crack profiles were observed using an Olympus BX41M-LED optical microscope (OM). Fracture surface analysis was carried out using a Vision Engineering@ EVO CAM II Microscope and JSM-7200F Field Emission Scanning Electron Microscope (SEM).
[image: ]
Figure 2 (a) Schematic of three-point bending fatigue test set-up, and (b) photograph of test set-up connected with direct current potential drop recording device.

2.2.2 Fatigue test of single materials
[bookmark: _Hlk201001294][bookmark: _Hlk201001317]Paris law behaviour of single material 316L SS and single material 15-5PH SS, used to establish base line crack growth behaviour, were evaluated under a load ratio of R = σmin / σmax = 0.1, with constant load and therefore increasing ΔK with crack growth, according to BS ISO 12108:2018 [28]. The stress intensity factor K was calculated as , where Y is a dimensionless geometric factor (defined in Equation 1), σ is the applied stress, a is the crack length, and W is the specimen width [29, 30].

	
	(1)



Before the tests, pre-cracking was carried out by load shedding from an initial ΔK (13 MPam for 316L SS and 12 MPam for 15-5PH SS). After the pre-cracks grew through 4 monotonic plastic zone sizes, the load was successively stepped down by 10% increments to initial ΔK of 10.77 MPam for 316L and 7.49 MPam for 15-5PH SS and loading was maintained constant so that ΔK increased with crack growth until failure. The plastic zone sizes were estimated based on Irwin’s model and assuming plane strain, with fracture toughness values of KIC = 300 MPam and 47 MPam for 316L [31] and 15-5PH [32], respectively, and with yield strength values of sy = 540.6 MPa and 843.9 MPa for 316L and 15-5PH [27], respectively. To make a comparison of crack growth rate between two single materials, a single value of ΔK = 11 MPam was selected from within the range of Paris law behaviour for both materials to perform constant-ΔK fatigue tests (R = 0.1) for each single material, which was achieved by altering the loading condition as the crack advanced to maintain ΔK within 10% of the original value. 
2.2.3 Fatigue tests of bi-materials
Two constant load range fatigue tests were performed for 316L SS/15-5PH SS bi-material components, one notched on the 316L SS side and one notched on the 15-5PH SS side.  The testing procedure was similar to that for single materials described above. Pre-cracking was carried out from an initial ΔK of 13 MPam until the crack grew through 4 monotonic plastic zone sizes. After pre-cracking, initial load amplitudes were selected for ΔK values of 10.77 MPam (notched on the 316L side) and 8.12 MPam (notched on the 15-5PH SS side), with R = 0.1 and load amplitudes constant and therefore ΔK increasing with crack growth until failure. In addition, a constant ΔK fatigue test (ΔK = 11 MPam, R = 0.1) was also performed on the 316L SS/15-5PH SS bi-material specimen that was notched on the 316L SS side.
2.3 Modelling of J-integral
[bookmark: _Hlk201088654]To investigate the shielding/anti-shielding effect on the fatigue crack driving force due to the change in plastic properties in bi-material components, the J-integral of the crack tip field was computed for different crack lengths subjected to a given (constant) K of 11 MPam. This was calculated using finite element (FE) models of bi-material bend-bar specimens with an interface in the middle of the height and with a notch on the 316L SS side. 2D FE models for simplified bi-materials with the dimensions shown in Fig. 2(a) and subjected to three-point bending conditions were implemented in Abaqus (Dassault, v. 6.12). Symmetric boundary conditions were applied to the vertical central line of the bend-bar specimen. The linear plane strain element CPE4R, 4-node reduced integration bilinear plane strain quadrilateral element, was chosen. A structured meshing technique was applied, as shown in Figure 3 near the crack tip, and similar to the mesh adopted and verified by Kolednik O. et al. [33]. When the tip was far from the bi-material interface, the size of the refined mesh boundary was 0.07 mm x 0.14 mm (Fig. 3 (a)). When the crack tip was near to the material interface (Fig. 3 (b)), the material interface was located at the centre of the refined mesh area and at least nine elements were present between the crack tip and the material interface [33]. 
[image: ] 
[bookmark: _Hlk201088600]Figure 3 Mesh around the crack tip when (a) the crack tip was far from the interface and (b) the crack tip was near to the interface. Reproduced with permission [34] © Elsevier. Reprinted by permission of the publisher via Copyright Clearance Center.
The tensile stress-strain response of 316L SS and 15-5PH SS applied in this model as materials constitutive models were experimentally measured and are reported in Table 2 [27]. The J-integral was used to quantify the crack driving force based on linear elastic fracture mechanics (LEFM) assumptions of small-scale yielding conditions. It was calculated by the contour integral method using the fifth rectangle contour around the crack tip, which never interacts with the material interface, satisfying its path-independence requirements. A detailed description of the modelling method has been presented in a previous study by the authors [34].
Table 2 Tensile test properties of 316L SS and 15-5PH SS [27].

	
	Ultimate Tensile Strength, UTS (MPa)
	Yield Strength, YS0.2 (MPa)
	Young’s Modulus, E (GPa)
	Poisson’s ratio, ν

	316L SS
	639.03±1.2
	540.6±11.9
	186.5±4.1
	0.25

	15-5PH SS
	1091.72±17.6
	843.9±14.0
	190.1±7.1
	0.27



2.4 Residual stress evaluation
Residual stresses within the single material 316L SS components and 316L SS / 15-5PH SS bi-material components joined by LPBF were evaluated by two methods: Incremental centre hole drilling and the contour method. 
Incremental hole drilling, which is based on measuring the elastic material relaxation by removing material through stepwise drilling, was carried out using a Stresscraft Ltd@ orbital milling incremental hole drilling apparatus. Holes were drilled to a maximum depth of 1048 m at about 20 mm from the right edge of the sample and along the centre line on the top and bottom surfaces of a bi-material bend-bar specimen. Schematics of hole drilling points are shown in Figure 4. Drilling increments were defined as six steps of 16 m each, five steps of 32 m each, six steps of 64 m each, and six steps of 128 m each. The residual stress was then calculated using Stresscraft RS INT software which is based on the ASTM E837 integral method with a moving average smoothing technique applied to the strains [35]. All the measurements were conducted using Vishay Micro Measurement three-element gauge rosettes (EA-13-062RE-120). 
[image: ]
[bookmark: _Toc131367352]Figure 4 Schematics of residual stress measurement by hole drilling method and contour cut method on (a) single material 316L SS, and (b) 316L SS/15-5PH SS bi-material.
Due to the measuring depth limit of the hole drilling method, the contour method was conducted on a cross-section located 27.5 mm along the longitudinal axis of bend-bar specimens (as shown in Figure 4) to evaluate the residual stress distribution over the entire cross-sectioned surface (10 mm × 10 mm) of single material 316L SS and bi-material specimens. The specimens were cut by a Fanuc Robocut α-C600i wire electro-discharge machine with a 0.25-mm-diameter brass wire. The cutting speed through the sample was about 0.25 mm/min. The surface displacement profiles of cross-sectioned surfaces of specimens were captured with a Zeiss Contura g2 coordinate measuring machine (CMM). A 3-mm-diameter touch probe was used to detect displacement with a spacing of 0.1 mm between the individual measurement points. The displacement data was post-processed for data aligning, cleaning, flattening, and smoothing using Matlab. The data smoothing of all samples was performed using a cubic spline with knot spacing of 1.5 mm along the building (z, BD) and horizontal directions (y). An FE model of a cut half of the sample was built with 8-node brick element (C3D8R) in the software Abaqus (Dassault, v. 6.12) with a mesh size of 0.2 mm. The reverse of the measured and smoothed contour was applied as the displacement boundary condition. Constraints were applied to avoid rigid body motion. Finally, a linear elastic FE analysis with the material properties of 316L SS and 15-5PH SS (as shown in Table 2) was performed to compute the predicted residual stress distribution present in the samples before cutting.
3. Results and discussion
3.1 Residual stress distributions
A detailed assessment of the microstructure of single-material and bi-material specimens of 316L and 15-5PH SS was reported by Liang, et al. [27]. In bi-materials at locations far from the interface, elongated austenitic grains were reported within the 316L SS (average sizes of 107.9 mm) and finer martensitic lathes were reported in 15-5PH (average sizes of 5.9 mm). Near the interface, a refined region of 15-5PH with higher recrystallisation was observed with ~75% reduced lathe size over a distance of about 120.7 mm below the interface. The interface itself was wavey due to the circular shape of the melt pools, and the interface position varied in the build direction by ~57.4 mm, about twice the size of the powder layer thickness used for LPBF processing (30 mm). The composition of the SS, as measured by energy-dispersive spectroscopy (EDS), transitioned over a shorter distance of about of 7 mm across the bi-material interface. Microscopic inspection at a selected cross-section revealed no apparent pores, cracks, or defects at the interface, and overall porosity <0.1% consistent with the porosities in the single materials. The average yield strength of single-material 15-5PH SS was reported as 843.0 MPa and an average strain to failure of 2.3%. As expected, the yield strength of single-material 316L was lower (average of 540.6 MPa) and strain to failure higher (average value of 34.3%). The residual stress distribution of single material 316L SS and bi-material 316L / 15-5PH SS are displayed in Figure 5. The results obtained from the hole drilling method are represented with orange points, showing the residual stress distribution along 1 mm from top and bottom surfaces in the building direction (BD). Both specimens showed similar residual stress distributions, with tensile residual stresses ranging from 200 MPa to 250 MPa close to the top and bottom surfaces that reduced farther from the surfaces. The residual stress distribution maps obtained from contour cut methods are also displayed in Figure 5 as coloured contours, and the residual stress values along the vertical centreline of the 10 x 10 mm2 cross-section surface are shown as blue data points. In Fig. 5(a) along the BD the residual stress map of single 316L SS appeared relatively steady with small tensile stresses below the top surface (68 MPa) and above bottom surface (133 MPa) and a broad region of mild compressive residual stress in the centre ( -57 MPa). This general distribution is consistent with the temperature gradient mechanism (TGM) model and cool-down phase model put forward by Mercelis, P. et al. [25], which assumes that constrained expansion upon heating and constrained contraction upon cooling results in tensile residual stresses near the top of an LPBF part, balanced by residual compression in the layers below. When an LPBF part is removed from the base plate, residual stresses rebalance resulting in tension at the new free surface, compression internally, and tension at the top surface where processing ceased. Other experimental studies have also confirmed this expected distribution [36-38]. 
[bookmark: _Hlk201260872]Similar to single material 316L SS, the residual stress in the bi-material specimen (Fig. 5(b)) was higher and tensile (230 MPa) near the bottom surface, and smaller and tensile (36 MPa) near the top surface. At the interface, a residual tensile stress of about 119 MPa was measured above the interface on the 316L SS side (top) and a larger residual compressive stress ( -303 MPa) was measured on the 15-5PH SS side (below), which can be attributed to the higher thermal expansion coefficient (CTE) of 316L SS (17.2 x 10-6 °C -1) compared to 15-5PH SS (10.8 x 10-6 °C -1). During the bi-material manufacturing process, 15-5PH SS was fabricated first. After finishing the last layer of 15-5PH SS, 316L SS powder was spread and laser processed on the previously solidified 15-5PH SS layer. The larger thermal expansion coefficient of 316L SS would have caused a larger differential expansion and contraction during heating and cooling compared to 15-5PH SS, resulting in higher residual stresses. A similar result was also reported in a dissimilar welded joint between SAF2205 duplex stainless steel and 304 austenitic stainless steel. A compressive residual stress was obtained in near-interface region of SAF2205 side, which has a lower thermal expansion coefficient compared to 304 SS [39]. Residual stresses obtained from the hole drilling method and contour cut method are largely comparable in the regions within 1 mm distance from top and bottom interfaces for both specimens. In both specimens, results of both methods in the bottom 1 mm region are consistent with similar trend and magnitude, which confirms the validity of results from both methods. In the top 1 mm region, hole drilling results show a tensile residual stress, which is as expected in the LPBF process explained by cool-down phase model, however the result from the contour cut method was a low residual tensile stress very close to 0 in both specimens. The difference might be attributed to: (1) the fact that the contour cut method is more likely to miss residual stresses near boundaries because the out-of-plane deformations (which are measured and used to calculate residual stress with this method) near the boundaries of the specimen are more likely to be affected by the free surfaces and the lower levels of control over the cross-sectional cutting; (2) the location where hole drilling was carried out and the location where contour cut was taken would have been positioned differently within laser scan islands with varying scan directions, the details of which were not determined in this study; (3) after removal from the substrate the specimen surfaces were ground and polished, which is expected to induce small tensile residual stress on the surfaces that would superpose differently with residual stress from laser scanning within islands at different locations. 
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Figure 5 Contour-cut residual stress maps and center line plot compared with hole drilling results for (a) single-material 316L SS and (b) 316L SS/15-5PH SS bi-material. Building direction, BD, is indicated by an arrow.

3.2 Fatigue crack propagation of single materials 
3.2.1 Constant load testing
Fatigue crack propagation tests were performed under cyclic loading with a constant load (rising stress intensity factor range, K, with increasing crack length, a) for single-material LPBF 316L SS and single-material LPBF 15-5PH SS to evaluate the crack propagation behaviour. The resulting crack growth rates, da/dN, are shown as a function of rising K in Figure 6(a). Fracture surfaces are also shown along with a side view of crack path in Figures 6(b) and (c). The Paris Law behaviour of 316L SS (blue points) and 15-5PH SS (orange points) within the range of K=5−40 MPam is described by the following equations 2 and 3, obtained by power law curve fitting to the experimental data.
	316L SS:
	
	(2)

	15-5PH SS:
	
	(3)


The Paris Law behaviour of 316L SS is similar to other studies on crack growth of LPBF 316L SS: For compact tension (CT) specimens, da/dN = 2.12×10-9K3.37 [40] and da/dN = 1.6×10-8K2.64 [41] were reported for a crack growing parallel to the BD. The slight variations in Paris exponents can be attributed to different processing conditions (energy densities) and testing conditions (processing temperatures). Crack propagation data for LPBF 15-5PH SS could not be found for comparison. The Paris law plot indicates that with the same level of K, a higher crack growth rate occurred in 15-5PH SS, which is expected for this martensitic steel with higher strength, lower ductility, and smaller grain size. 
[bookmark: _Hlk201262784]Comparing the fracture surfaces and side-view crack paths of both materials (Figure 6(b) and (c)), 316L SS appeared rougher with a more tortuous crack path while 15-5PH SS was smoother with a flat and straight crack path. Some defects were observed in 15-5PH SS, with more large defects distributed at the bottom of the fracture surface, where K was higher than the top. As reported by Liang, A. et al. [27], the distribution of defects in LPBF 15-5PH SS specimens with the same dimensions and processing conditions was uniform along the building direction. This suggests that the larger defects in Figure 6(c) are not due to manufacturing, but because of the higher K with more crack extension each cycle which is expected to cause a rougher fracture surface. More of these defects appear within the 15-5PH SS specimen than in 316L SS, which might contribute to the faster crack growth rate. Crack growth is regarded as a mutual competition between intrinsic microstructural damage mechanisms, which promote crack extension ahead of the tip, and extrinsic crack-tip shielding mechanisms, which act primarily behind the tip to retard crack growth [42]. From tensile tests, the elongation to failure of 316L SS is 34 % and is only 2.3 % for 15-5PH SS [27]. The more ductile behaviour of 316L SS contributes to better damage-tolerance compared to 15-5PH SS. Grain size is another significant factor that influences fatigue crack growth. A martensitic microstructure with an average grain size of 5.9 m was observed for 15-5PH SS, and 316L SS has an austenitic microstructure with an average grain size of 107.9 m [27]. Larger grains are associated with a more deflected crack path (evidenced by a rougher fracture surface). This leads to opening of the crack when asperities contact prematurely on unloading, and therefore shielding via closure and slower crack propagation in 316L SS [43]. 
[image: ]
Figure 6 Crack growth rate, da/dN, versus stress intensity factor range, K, at constant load (rising K). Corresponding fracture surfaces with side views of the crack path (within a region of interest, marked red) for (b) single-material 316L SS and (c) single-material 15-5PH SS. Building direction, BD, and crack growth direction are indicated by arrows.

[bookmark: _Hlk125554516]Figure 7 shows SEM images of fracture surfaces at locations corresponding to K values of 11 and 15 MPam for 316L SS and 15-5PH SS, respectively. In 316L SS (Figure 7(a) and (c)), large vertically elongated grains along the BD are present, which is typical for LPBF processed 316L SS. Tearing marks, with elongated features between the adjacent planes of different grains, present as ridge-like features. Fatigue striations are present between adjacent ridges, indicating the local crack growth direction, and revealing small deflections from the main cracks. Fracture surfaces of 15-5PH SS at both K levels showed transgranular cleavage features with the crack propagation through the crystallographic planes. The smooth fracture surface is consistent with the fine grain size.
 [image: ]
[bookmark: _Hlk201173549]Figure 7 SEM fractography for (a, c) single 316L SS and (b, d) single 15-5PH SS under constant load fatigue at locations corresponding to K values of 11 MPam (top) and 15 MPam (bottom), respectively. Building direction and crack growth direction are indicated by arrows.

3.2.2 Constant K testing
To further examine and compare the fatigue crack propagation behaviour between 316L SS and 15-5PH SS, fatigue crack propagation tests were performed at constant stress intensity factor range of K = 11 MPam for both steels. The crack growth rate (da/dN) versus the crack length (a) plots for 316L SS (blue) and 15-5PH SS (orange) are shown in Figure 8(a) with the average crack growth rates with standard deviations displayed for each. With increasing crack length, both materials exhibited stable crack growth rates with only slight fluctuations (standard deviations an order of magnitude below the averages) and which correspond closely with the crack growth rates obtained from the constant load fatigue tests (Fig. 6) at the same K = 11 MPam. 
[image: ]
Figure 8 (a) Crack growth rate, da/dN, versus crack length, a, under constant K of 11 MPam (decreased load with increased a). Corresponding fracture surfaces with side views of crack path (within a region of interest, marked red) for (b) single-material 316L SS and (c) single-material 15-5PH SS. Building direction, BD, and crack growth direction are indicated by arrows.

Figure 8(b) and (c) show fracture surfaces are similar to those obtained from constant load tests, i.e., rougher and more tortuous crack path for 316L SS and smoother and flatter crack path for 15-5PH SS. However, the fracture surface of 15-5PH SS with constant K (Figure 8(c)) revealed no large defects, and the distribution of defects is more uniform from the top to the bottom at different crack lengths, again suggesting enlarging defects at higher K (Figure 6(c)). These may have been caused by small pores formed during LPBF processing being opened and elongated by rapid crack extension at high K.
Figure 9 shows SEM images of the fracture surfaces at different locations, corresponding to crack lengths of 2.5 mm (Figure 9(a) and (b)) and 4.5 mm (Figure 9(c) and (d)) for both materials. At longer crack lengths, there is no difference in fracture surface features due to the constant K and thus uniform crack tip driving force throughout the test. Comparing Fig. 9(a) and (c) to the SEM images displayed in first row of Fig. 6(a), the fracture surfaces of both 316L and 15-5PH SS are similar at the same K level in constant load and constant K tests. 
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Figure 9 SEM fractography for (a, c) single-material 316L SS and (b, d) single-material 15-5PH SS under constant-K (11 MPam) testing at different locations with crack length of 2.5 mm (top) and 4.5 mm (bottom), respectively. Building direction and crack growth direction are indicated by arrows.

3.3 Simulation of yield stress gradient effect for 316L SS/15-5PH SS bi-material
[bookmark: _Hlk201177275]The J-integral is related to the stress intensity factor, K, based on the Rice-Irwin relation, and can be used to characterize the crack tip driving force taking into account effects of plasticity in elastic-plastic fracture. To explore the effect of plasticity mismatch on crack propagation across bi-material interfaces, the J-integral was calculated using an FEA Model of a 316L SS/15-5PH SS bi-material specimen with a crack growing from the 316L SS side towards the interface under constant K. With a crack growing from a weaker to stronger material, suppression of crack growth and the corresponding J-integral is expected. As suggested by Irwin, the radius of the monotonic plastic zone ahead of the crack tip, rp, was estimated for a plane strain condition using Equation 4 [44]:
	
	
	(4)


At a constant K of 11 MPam with a stress ratio of 0.1, the plastic zone size ahead of the crack tip was estimated to be 0.027 mm within the 316L SS layer and 0.011 mm within the 15-5PH SS layer. This estimate assumes an isotropic yield strength when, in fact, variation is expected due to the elongated columnar grains and crystallographic texture produced by LPBF, especially for 316L SS [27].
Figure 10 shows the J-integral variations with different distances from the crack tip to the interface. A crack was firstly located 3.5 mm ahead of interface, and J-integral values were calculated at every 0.5 mm of crack extension from 316L SS to 15-5PHSS until reaching a distance of 1.5 mm after the interface. At the near-interface region (within ± 0.5 mm distance to interface), the crack extension resolution was gradually reduced from 0.2 mm, 0.1 mm, 0.01 mm to 0.001 mm as the crack approached the interface. When the crack tip was far from the interface, the calculated J-integral values were approximately constant (around 6.91 × 10-4 N/mm) due to the constant K. When the crack tip gradually approached the interface from the 316L SS side, the J-integral slightly increased by 2.6% and reached a maximum of 7.09 × 10-4 N/mm at 0.03 mm ahead of the interface (which is similar to the rp = 0.027 mm for 316L SS ), followed by a drop to minimum of 6.24 × 10-4 N/mm (a decrease by 9.6% compared to far-interface 316L SS layer) when closest to the interface (distance of 0.005 mm). When approaching a stronger material, an incremental crack extension produced a change in the total plastic strain energy of the body and therefore reduced the near-tip crack driving force represented by the J-integral values, resulting in shielding of the crack tip [11]. After the crack penetrated the 15-5PH SS side of the interface, the J-integral significantly increased to a maximum 7.47 × 10-4 N/mm (8.1% increase compared to far-interface region) at 0.04 mm from the interface. As the crack continued to grow farther away from the interface, the J-integral values dropped to the similar level to that in 316L SS.
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Figure 10 Values of J-integral at different distances from the crack tip to a bi-material interface as the crack extends from 316L SS to 15-5PH SS at a constant K of 11 MPam.

3.4 Fatigue crack propagation of 316L/15-5PH bi-materials at constant load
Two constant load tests were carried out for bi-materials: soft-to-hard (crack propagated through the interface from 316L SS to 15-5PH SS) and hard-to soft case (crack propagated through the interface from 15-5PH SS to 316L SS). In the following sub-sections, the crack propagation performances in both cases are discussed separately.
3.4.1 Crack propagation from 316L to 15-5PH SS (soft-to-hard)
[bookmark: _Hlk125918465][bookmark: _Hlk201177917]For the soft-to-hard case, the crack growth rate (da/dN) versus stress intensity factor range (K) relationship (red markers) is shown in Figure 11(a), with comparisons to the baseline performances of single material 316L SS (blue markers) and 15-5PH SS (orange markers). The interface location is marked out by a red dashed line. The da/dN (red circles) and residual stress measured by contour cut method (black crosses) versus distance of crack tip to interface, d, are plotted in Figure 11(b). At the far-interface region (farther than 1.28 mm ahead of interface, d < -1.28 mm), the crack growth rate increased steadily due to the increasing K, which is similar to the trend and values of da/dN vs. K observed for single material 316L SS (blue markers). From 1.28 mm ahead of interface, da/dN appeared higher than the single material 316L SS, the higher crack growth rate might be caused by the higher tensile residual stress (up to 119 MPa) in the bi-material specimen from d = -2 mm to d = 0 mm (Fig. 11(b)). When the crack propagated to 0.3 mm ahead of the soft-to-hard interface (d = -0.3 mm), the increase in crack growth rate (slope of da/dN vs. K curve) slowed to a steady value (6.44 × 10-5 mm/cycle) as the crack approached the interface, indicating that crack shielding due to suppressed driving force (J-integral) may have affected crack growth in this region. When the crack approached the interface, K was relatively high (about 22 MPam) and approaching the rapid failure region where only a few scattered data points were collected before final failure. After the crack crossed the interface to the 15-5PH SS side, the crack growth rate increased suddenly to a higher level (1.53 × 10-4 mm/cycle) but was still lower compared with the Paris Law behaviour of the corresponding single-material 15-5PH SS (orange markers). This difference is consistent with the expected effect of the higher compressive residual stress (up to a magnitude of 303 MPa) after the interface on the 15-5PH SS side of the bi-material. 
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[bookmark: _Toc131367397][bookmark: _Hlk201177635]Figure 11 (a) Crack growth rate, da/dN, versus stress intensity factor rage, K, (b) da/dN (red circles) and residual stress (black crosses) from contour cut method versus distance from crack tip to interface, d, and (c) full fracture surface with side views of the crack path (within a region of interest, marked red) for a bi-material with crack growing from 316L SS to 15-5PH SS under constant load. Building direction, BD, and crack growth direction are indicated by arrows.

On the bi-material fracture surface shown in Figure 11(c), the upper 316L SS side exhibited a rough and tortuous crack path, while the 15-5PH SS was smoother and flatter, similar to results obtained from corresponding single material tests. Away from the interface, there are many large defects at the bottom 15-5PH SS layer, also similar to the corresponding single-material (Figure 6(c)). As discussed previously, it is suspected that at high K (from 22 to 70 MPa√m) small process-induced pores were opened and elongated by rapid crack propagation.
Figure 12 shows SEM images of the bi-material fracture surface within the upper 316L SS, bottom 15-5PH SS, and interfacial regions. Propagation along a more tortuous crack path occurred in 316L SS (Fig. 12(a)), as confirmed by the vertical ridges that follow the large, elongated grains in LPBF 316L SS (area-weighted grain size of 107.9 mm with an aspect ratio of 4.3 ± 3.1 [27]. In 15-5PH SS (Fig. 12(b)), a flat fracture surface can be attributed to the small and short grains (area-weighted grain size of 5.9 mm with an aspect ratio of 2.6 ± 1.2 [27]). The wavy interface appeared to be bonded and defect-free, and crack propagation appeared continuous without any crack bifurcations (Fig. 12(c)). An enlarged view of the interfacial microstructure (Fig. 12(d)) shows that two of the ridge-like features in the 316L SS side (ridges 1 and 2, red arrows) terminated at the interface, however another (ridge 3 indicated by red arrow) deflected as it passed the interface and then stopped after about 20 m. These ridges behind the crack tip may have had an ongoing shielding effect due to roughness induced crack closure after the crack propagated into the 15-5PH with a smoother resultant fracture surface, but this would have diminished as the crack propagated farther and therefore the crack opening increased.
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Figure 12 SEM fractography at different locations within a bi-material specimen after fatigue crack growth from 316L SS to 15-5PH SS at constant load: (a) 316L SS layer above the interface, (b) 15-5PH SS layer below the interface, and (c, d) the interfacial region (with 316L above and 15-5PH below) at low and high magnifications. Building direction, BD, and crack growth direction are indicated by arrows.

3.4.2 Crack propagation from 15-5PH to 316L SS (hard-to-soft) 
In the case of crack propagation from hard 15-5PH to soft 316L SS, the initial crack growth in 15-5PH far from the interface region (Fig. 13(a), green markers) displayed crack growth rate consistent with the Paris Law behaviour of single material 15-5PH SS (orange markers). After the crack grew to a distance of 1.24 mm from the interface, the crack growth rate started to decrease from 9.45 × 10-6 mm/cycle to a local minimum of 2.10 × 10-6 mm/cycle (a decrease of 77.8%) when the crack tip reached the hard-to-soft interface. There was no clear increase in propagation rate due to any expected anti-shielding effect as the crack approached the bi-material interface in this hard-to-soft case. The onset of the observed decrease in propagation rate corresponded with the region of highest compressive residual stress (up to 303 MPa in magnitude) on the 15-5PH SS side of the interface (Figure 13(b)). The effect of compressive residual stress is also apparent from the convex shape of the crack front shown above the interface on the fracture surface in Figure 13(c), which is expected because the crack-retarding compression would be minimum near the free-surfaces of the specimen edges. After the crack penetrated the 316L SS side, the crack growth accelerated as it reached regions of tensile residual stress (up to 119 MPa in magnitude), but the growth rate remained suppressed relative to the single-material 316L SS until approaching rapid final fracture at high K. In this region (green markers after the interface), the best-fit power law curve for crack growth rate vs. K was da/dN = 2 × 10-10K3.5. Compared to Equation 2 for single material 316L SS, the value of exponent, which is the slope of the crack growth rate curve on log-log scale, is slightly larger (2.7 for single material 316L SS and 3.5 for 316L SS layer of bi-material), but the intercept is 30 times smaller. Imaging the crack from the side view near the interface region (Figure 13(c)) shows that the path became more tortuous after passing the interface into the 316L SS side as the crack growth rate increased from a minimum at interface.
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[bookmark: _Toc131367399]Figure 13 (a)Crack growth rate, da/dN, versus stress intensity factor rage, K, (b)da/dN (green circles) and residual stress (black crosses) from contour cut method versus distance from crack tip to interface, d, and (c) full fracture surface with side views of the crack path (within a region of interest, marked red) for a bi-material with crack growing from 15-5PH SS to 316L SS under constant load. Building direction, BD, and crack growth direction are indicated by arrows.

Fractographic analysis of the crack propagation through the hard-to-soft interface of the bi-material specimen is displayed in Fig. 14. Above the interface, the fracture surface is flat in the 15-5PH SS layer (Fig. 14(a)) and a tortuous fracture surface with vertical ridges is observed in the 316L layer below the interface (Fig. 14(b)). At the interface region at low magnification (Fig. 14(c)), the interface is wavey (white dashed line). Beneath the interface, vertical ridges were observed in 316L SS layer, as pointed out by a red arrow. Fig. 14(d), a zoomed-in SEM image at interface, shows several vertical micro-cracks (red arrows) beneath the interface, located between primary dendrites within elongated grains of 316L SS. Similar dendritic decohesive crack propagation has been reported previously in 316L SS [14].
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Figure 14 SEM fractography of a bi-material with a fatigue crack growing from 15-5PH SS to 316L SS at constant load at different locations: (a) 15-5PH SS layer above interface, (b) 316L SS layer below interface, and (c, d) the interfacial region (with 15-5PH above and 316L below) at low and high magnifications. Building direction, BD, and crack growth direction are indicated by arrows.

3.5 Fatigue crack propagation of 316L / 15-5PH bi-materials at constant K 
[bookmark: _Hlk125831666]As discussed in the section above, in the constant load test with a crack propagating through the soft-to-hard interface, only a few data points within the final failure stage were collected due to the high K level after the crack crossed the interface (Figure 11). Therefore, the soft-to-hard test was repeated with a constant and relatively low K of 11 MPam to avoid increasingly rapid crack growth. The crack growth rate (da/dN) vs. distance from crack tip (d) (purple markers) for this test is plotted in Figure 15(a), with comparisons to the baseline performance of single material 316L SS (blue markers) and 15-5PH SS (orange markers) under the same level of constant K loading. The interface is marked by a red dashed line. The same da/dN vs. d curve for the bi-material (purple markers) is displayed in Figure 15(b) with the residual stress distribution from the contour cut method shown (black markers). Initially, the crack in the bi-material specimen grew at a similar, but slightly higher rate, compared with the single-material 316L SS, which is consistent with the higher tensile residual stress ahead of the bi-material interface. When the crack tip was 0.55 mm ahead of the interface, the crack growth rate began to increase up to a maximum of 1.81 × 10-5 mm/cycle at 0.14 mm ahead of the interface (a 262% increase). The onset of this more rapid propagation correlates with an increase in tensile residual stress to a maximum of 119 MPa. As the crack continued approaching the interface, the growth rate slightly reduced by 6.6% to 1.69 × 10-5 mm/cycle before reaching the interface, which is similar to the crack growth rate obtained in single material 15-5PH SS under constant K (1.50 × 10-5 mm/cycle). After the crack penetrated the 15-5PH side, the crack growth rate remained relatively stable over a distance of 0.63 mm and at a level consistent with that of single-material 15-5PH SS. However, a sharp reduction in growth rate by 70.7% was observed when the residual stress dropped into compression and reached a maximum compressive stress of 303 MPa. 
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[bookmark: _Toc131367401]Figure 15 (a) Crack growth rate, da/dN, versus distance from crack tip to interface position, d, (b) da/dN (purple circles) and residual stress (black crosses) from contour cut method versus d, and (c) full fracture surface with side views of crack path (within region of interest, marked red) in a bi-material with a crack growing from 316L SS to 15-5PH SS under constant K of 11 MPam (decreased load with increased a). Building direction, BD, and crack growth direction are indicated by arrows.
Figure 15(c) displays the entire fracture surface (left) and the crack path at the interface from side view (right). The crack in the top 316L side appears rougher and more tortuous. The crack in the bottom 15-5PH side is flatter with a convex crack front shape before final fracture (white dashed line, Figure 15(b)), which is indicative of suppression due to compressive residual stress. Compared to the fracture surface on the bottom 15-5PH SS side in the soft-to-hard case under constant load (Fig. 11(c)), there are fewer large defects visible due to the lower constant K of 11 MPam (compared to K > 25 MPam in 15-5PH regions in Fig. 11). Both samples were manufactured in the same batch, the processing condition are all the same, so the porosity in 15-5PH SS should be similar in all specimens, which again confirms that the larger defects shown in Figure 11 are not only attributable to the manufacturing process. The SEM images of the fracture surface in the upper 316L SS (Fig. 16(a)), bottom 15-5PH SS (Fig. 16(b)) and interfacial regions (Fig. 16(c)) are shown below and confirm the observations from Fig. 15. 
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[bookmark: _Toc131367402]Figure 16 SEM fractography of a bi-material component with a fatigue crack growing from 316L SS to 15-5PH SS at constant K (11 MPam) at different locations: (a) 316L SS layer above interface, (b) 15-5PH SS layer below interface, and (c, d) the interfacial region (with 316L above and 15-5PH below) at low and high magnifications. Building direction, BD, and crack growth direction are indicated by arrows.
4. Summaries and conclusions
This study investigated the fatigue crack propagation performance and Paris Law behaviour of LPBF fabricated 316L/15-5PH SS bi-material specimens and each corresponding single material. The residual stress distribution along the building direction of bi-material specimens were determined. The shielding and anti-shielding effects on crack propagation due to a plasticity mismatch between the two materials were analysed with FE models. Fatigue tests were carried out with single edge notched bending specimens for LPBF bi-materials, including two constant load tests (one with a crack growing through soft to hard interface; another with a crack growing through hard to soft interface), and one constant-K test for the soft-to-hard case. The main conclusions can be summarized as follows:
· At the same K, the crack growth rate in single-material 15-5PH SS was 4.8 times faster than that in single-material 316L SS. Slower crack propagation was consistent with larger elongated grains and a rougher fracture surface in 316L SS.
· The residual stress distribution measured by hole-drilling and contour methods are consistent with expectations from the temperature gradient mechanism (TGM) and the cool-down phase models. For bi-material specimens built with 15-5PH SS as the bottom layer, a tensile residual stress with a magnitude of up to 119 MPa was measured on the top 316L SS side within 2 mm above interface, while a compressive residual stress with a magnitude of up to 303 MPa was measured on the bottom 15-5PH SS side within 3 mm below the interface. 
· The elevated compressive residual stress on the 15-5PH SS side of the bi-materials, balanced by higher tensile residual stress in the 316L SS is consistent with the higher CTE of the 316LSS, which would lead to more constraint as it cooled and contracted after fusion.
· A baseline crack growth rate within each region of the bi-material specimens was determined by the Paris Law of the corresponding single material. Local variations from this baseline were likely caused by small shielding/anti-shielding effects (due to mismatch of plasticity) and larger effects of residual stress resulting for multi-material LPBF processing.
· Prediction of the crack shielding effect due to the plasticity mismatch in a 316L / 15-5PH bi-material (with yield strength ratio of 1.56) yielded a J-integral decrease of 9.6% within a distance of 0.03 mm ahead of the soft-to-hard interface (similar to estimated plastic zone size of a crack in the soft material: 0.27 mm), with a small corresponding drop in crack growth rate of 1.3 % based on the Paris law for 316L SS and the value of DK under constant load (DK = 11 MPam) when the crack reached the interface with the hard 15-5PH side. 
· The effect of residual stress was more pronounced on crack propagation rate at lower DK level of 11 MPam. In regions of high residual stress, much larger changes in crack growth rate of up to 77.8% (the decrease in rate at the location of compressive residual stress of ~303 MPa) were observed.
Based on these findings, a strategy for improved damage tolerance of LPBF materials can be suggested using multi-material processing capabilities. The compressive residual stress resulting at locations where 15-5PH SS layers are processed below 316L SS can be used as a potent suppressor of crack propagation. These layers can be positioned surrounding locations of expected crack initiation, such as surfaces or stress-concentrating features. However, the higher rate of crack propagation through 15-5PH SS in the absence of residual stress means that the thickness of such layers should be minimised within 316L SS parts. The potential effects of bi-material interfaces on strength, crack initiation, and therefore total lifetime should also be considered and requires further investigation.
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