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Abstract 

Laser powder bed fusion (LPBF) is an additive manufacturing (AM) technology capable of 

producing complex geometry components from a range of metals and alloys. The static 

mechanical strength of LPBF manufactured materials can rival that of the equivalent cast and 

wrought materials, but are more susceptible to fatigue failures due to stress concentrating 

roughness and porosity defects. The ability to process and join multiple powder materials 

within a single LPBF build process is an emerging capability that is now becoming 

commercially available. This new capability offers the possibility of compositional complexity, 

in addition to the geometric complexity offered by AM, and can help to eliminate the need 

for additional processing to join different materials. This study focuses on the combination of 

316L austenitic stainless steel (SS) and precipitation hardening 15-5PH martensitic SS by LPBF. 

The interfacial characteristics and microhardness variation at the interface were investigated 

by optical microscopy, scanning electron microscopy, energy dispersive spectroscopy, 

electron backscatter diffraction, and microhardness testing. Good apparent bonding was 

observed at the interface without any visible cracks or defects. A finer-grain region was 

observed at a distance of 115 m below the interface with a grain size of about 25% of that 

in the surrounding 15-5PH SS. A narrow compositional transition distance of 7 m along the 

building direction (less than the 30 m LPBF layer thickness) and a wavey-morphology 

interface with an amplitude of about 66 m (about twice the LPBF layer thickness) were found. 

A sharp change of hardness was measured within ± 200 m from the interface. Regions far 

from the interface exhibited similar microstructure and hardness as the corresponding single 

material components. The results suggest that LPBF joining between 316L SS and 15-5PH SS 

can achieve each material's distinct microstructure and properties at far-interface regions, 

with a narrow wavey region (∼115 m) at the interface that exhibits high densification and a 

sharp transition in microstructure and properties.  
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1 Introduction 

The combination of multiple materials into heterogeneous and hierarchical architectures is 

found in many applications such as wear/fatigue-resistant coatings [1], joints in weldments 

[2], as well as thin-film electronic circuits and devices [3]. Traditional methods for dissimilar 

metallic bonding include diffusion bonding [4], pulse welding [2], roll bonding [5], and friction 

stir welding [6]. Dissimilar joining ability to process and join multiple powder materials within 

a single laser powder bed fusion (LPBF) process is an emerging capability that is now becoming 

commercially available. This new capability offers the possibility of compositional complexity, 

in addition to the geometric complexity offered by additive manufacturing (AM), and can help 

to eliminate the need for additional processing to join different materials. Among other 

metallic AM techniques, such as direct energy deposition, the LPBF process can fabricate 

multi-material structures with more complex and finer-scale structural tailoring due to its 

smaller laser spot size and thinner layer thickness [7]. Over the last two decades, LPBF 

parameter optimization for ideal microstructure and mechanical properties has been widely 

reported and well understood. Grade 316L stainless steel (SS) is an example of a commonly 

investigated LPBF-processed material with good strength (yield strength, YS  590 MPa [8]), 

hardness (up to 240 HV [9]) and corrosion resistance. LPBF-built 15-5 precipitation hardening 

(PH) SS is a martensitic stainless steel that has become increasingly attractive because of its 

higher strength (YS  954 MPa [10]), higher hardness (up to 480 HV [11]) after heat treatment 

and acceptable corrosion resistance in the as-built state. 

Multi-material LPBF (MM-LPBF) has raised a lot of interest for research aimed at developing 

functional components with improved mechanical properties. Chen et al. [12] obtained a 

well-bonded interface with a fusion zone width of ∼550 μm in 316L SS/CuSn10 bronze 

bimetallic structures and a finer-grained region around the interface with an increased nano-

hardness. However, due to the difference in heat transfer coefficient between steel and 

bronze, interfacial disturbance (uneven interface with microcracks) occurred. Cracks at the 

interface were similarly observed in LPBF 316L SS/C52400 copper alloy bimetallic parts by Bai 

et al. [13]. Mei et al. [14] fabricated 316L SS/Inconel 718/316L SS sandwich structures by LPBF. 

Good metallurgical bonding at the interface (∼100 μm) was achieved, although some cracks 

and holes caused by thermal stress were found near the interface in 316L SS regions. Multi-

material parts made of mixed pure Fe/Al-12Si metallic powders at different compositions 

have revealed that the main defects appeared as large cracks, resulting in problematically 

weak bonding [15]. According to these studies, the bonding between multiple metallic 

materials plays an important role in the mechanical properties of MM-LPBF parts and can also 

be challenging. This bonding is determined by the microstructure and defects in the interfacial 

region. The refined microstructure at multi-material interfaces can improve the bonding 

strength, but defects such as pores and cracks caused by material incompatibilities during 
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fusion [16]—including mismatches in thermal expansion [4] and chemical composition [17]—

can weaken the bonding strength significantly.  

Hard facing of steel components is required in steel manufacturing, mining, and paper mill 

industries and ballistic applications in the defence industry. Compared with welding 

techniques, laser cladding of martensitic stainless steels on austenitic steels is applied as an 

effective hard-facing method to improve the surface properties with high adhesion strength 

and low porosity [18, 19]. Welding of austenitic and martensitic stainless steel joints are 

commonly applied in nuclear reactors where high temperature strength and corrosion 

resistance is needed and replacing nickel based alloys is desirable due to high cost [20]. MM-

LPBF is a potential alternative for a hard-facing process and welding process, with the benefit 

of combining shaping and cladding into a single manufacturing process. However, the 

interfacial microstructure of martensitic and austenitic stainless steels joined by MM-LPBF 

has not been widely reported and requires further investigation. Hence, the aim of this study 

is to join 316L austenitic stainless steel and 15-5PH martensitic stainless steel by LPBF and 

study the interfacial characteristics of bimaterial components. Two types of stainless steel are 

selected here for multiple reasons. First, they have similar compositions which can avoid 

challenges caused by chemical mismatches. Second, under LPBF as-built conditions, 15-5PH 

SS (with Cu-precipitates as the hardener) has higher yield strength and hardness than 316L 

SS, achieving a plasticity mismatch [21]. Materials with such a mismatch in yield strength are 

found in many applications and have been reported as a feature that can slow fatigue crack 

growth due to shielding/anti-shielding near the dissimilar material interface [22]. Third, 300-

series austenitic stainless steel is used as a filler metal in over 90% of stainless steel welding 

applications [23] due to good weldability, and so dense bonding between 316L SS and 15-5PH 

SS is expected. In order to reveal the interfacial characteristics and microhardness variation 

at the interface of bimaterial parts, the microstructure, defects, and microhardness are 

characterised and analysed. For comparison, single material parts of both steels are also 

fabricated and investigated.   

2 Experimental procedure 

2.1 Materials and processing 

Gas atomized 316L stainless steel and 15-5PH stainless steel powders used in this study were 

supplied by Carpenter (USA) as CT PowderRange 316LF and CT PowderRange 155-F. The 

manufacturer specified a particle size range of 15-45 m and the manufacturer specified 

chemical compositions of both steels are listed in Table 1 [24, 25]. Specimens were processed 

by LPBF using a Wuhan Huake 3D HK PM250 with a maximum laser power of 400 W operating 

in a vacuum-purged inert argon gas environment with uncontrolled build chamber 

temperature. The laser scanning parameters used in this study for both single materials and 

bimaterial parts were laser power of 300 W, scanning speed of 900 mm/s, hatch spacing of 
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0.08 mm, and layer thickness of 0.03 mm. The scanning strategy was 5 × 5 mm island scanning 

with 90° rotation of scanning direction between adjacent layers. Figure 1 displays the 

geometry and configuration of single materials and bimaterial parts used for microstructural 

characterization. Single-material 316L SS and single-material 15-5PH SS parts (10 × 20 × 10 

mm3) 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 base-plate (Fig. 1(a)). Bimaterial 

parts were produced by first building 15-5PH SS with dimensions 12 × 30 × 5 mm3 atop the 

same cylindrical support structures, followed by 316L SS with dimensions 10 × 30 × 5 mm3 

(Fig. 1(b)). A decrease in width of the 316L portion of bimaterial parts was included to clearly 

distinguish the interface. The MM-LPBF process was paused for approximately 60 minutes to 

manually change the powder feedstock from 15-5PH to 316L SS. 

Table 1 Chemical composition (wt%) of 316L SS and 15-5PH SS. [24, 25] 

Element Fe C Cr Ni Mo Cu Mn Si P Nb O 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. 0.07 14-15.5 3.5-5.5 0.5 2.5-4.5 1 1 0.03 0.45 0.03 0.015 0.1 

 

  
Figure 1 Cylindrical support structures and geometries of (a) single-material parts for both 316L SS 
and 15-5PH SS and (b) bimaterial parts of 316L SS/15-5PH SS. Building direction (BD) is indicated by 

an arrow. 
 

2.2 Microstructural characterization 

Archimedes’ method was used to measure the overall porosity of single-material specimens 

according to ASTM B962-17 [26]. Measurement of each sample was repeated five times to 

obtain averages and standard deviations. However, because the full density of bimaterial 

specimens is unknown, the porosity of bimaterials could only be measured by optical 

microscopy (OM). Porosity from OM was measured at one, random, 2-D cross-section on the 

BD-TD plane (Figure 1). The entire cross-sectioned surface (10 x 10 mm2 for single materials 
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or 10 x 12 mm2 for the bimaterial) was imaged at lower magnification (100X) for pore analysis. 

The interfacial region in the bimaterial was inspected under higher magnification (500X) and, 

after no defects were observed along the entire interface, five random locations were imaged 

at higher magnification (500X).  

The area, perimeter, and circularity of pores were measured using ImageJ [27]. Images were 

binarized by thresholding to an intensity value that was manually assessed to accurately 

identify pore boundaries, and measurements were performed using the “Analyse Particles” 

function. The circularity, defined in Equation 1, is an indicator of pore shape that indicates a 

more spherical shape when approaching 1 and more elongated pores at smaller values.  

 𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟𝑖𝑡𝑦 = 4𝜋
𝐴𝑟𝑒𝑎

𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟2
 [1] 

Small pores containing fewer than 10 pixels (<19.17 m2) were excluded from shape analysis 

because of the tendency to skew toward a circularity of 1 when approaching the limit of a 

single pixel. 

Prior to OM observations, specimens were ground with #120, #800, and #1200 grits abrasive 

papers and followed by 6 m and 1 m diamond paste polishing to obtain mirror-like surface 

finish. The microstructures of single-material 316L SS and 15-5PH SS and the interface region 

of bimaterial part were observed by JEOL JSM-7200F Field Emission Scanning Electron 

Microscope (SEM) after being etched by Kalling's No. 2 reagent (50 mL HCl, 50 mL ethanol, 

and 2 g copper chloride II) for approximately 15 s. The chemical composition and elemental 

distribution at the interface were evaluated using energy-dispersive spectroscopy (EDS). 

Electron backscattered diffraction (EBSD) was used to investigate the grain size and 

crystallographic orientation of single material samples and bimaterial interface with an 

Oxford Instruments® C-NANO EBSD detector and step sizes of 1 m at 120X magnification and 

0.1 m at 1000X magnification. The EBSD data was analysed with AZtecCrystal software. A 

standard data clean-up procedure was performed prior to the EBSD analysis. Incorrectly 

indexed isolated points and unindexed pointes were replaced and filled with at least five 

indexed pixels surrounding them by using level 4 of Zero Solution Removal function.  Grain 

boundaries having a misorientation greater than 2° were mapped and 15° misorientation was 

used to distinguish the low angle grain boundaries (LAGBs) and high angle grain boundaries 

(HAGBs). Grain morphology and sizes were explored by calculating grain aspect ratio and 

area-weighted average grain size (area weight average grain size = the sum of products of 

each grain size and corresponding grain area / the sum of all the grain areas), which is typically 

used when there is non-uniformity in grain size among different grains [28]. 

2.3 Mechanical characterization 
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Microhardness was evaluated using an FM-300 Vickers microhardness tester (Future-Tech 

Corp, Kanagawa, Japan) according to BS EN ISO 6507-1:2018 [29] with a load of 200 g and 

dwell time of 15 s. Measurements were made on the same cross-sections as OM observations 

with 0.2 mm distance between indentations. The microhardness of each position along the 

building direction was measured with three repetitions and reported as average values with 

standard deviations. Tensile properties of single-material 316L SS and 15-5PH SS were 

measured at room temperature using an Instron 5569 electromechanical test machine 

equipped with an extensometer and a crosshead speed of 2 mm/min, according to BS EN ISO 

6892-1:2016 [30]. Tensile tests were repeated three times for each material to obtain average 

values and standard deviations. Flat dog-bone samples, geometry as specified by ASTM 

E8/E8M-13a [31], were machined by electric discharge machining (EDM) wire cutting from 

larger as-built blocks (Fig. 2), which were fabricated with the sample processing parameters 

as the samples shown in Fig. 1. Bimaterial specimens were not subjected to tensile tests due 

to challenges with orienting the interface perpendicular to the tensile loading axis, limitations 

on specimen size, and the inability to recover and reuse large amounts of mixed powders 

resulting from bimaterial printing. 

 
Figure 2 Geometry of as-built blocks and EDM cut tensile test specimens for single-material 316L SS 

and 15-5PH SS with building direction (BD) indicated. 

3 Results and discussion 

3.1 Microstructure of single materials 

The pore morphology, pore area distribution, and pore circularity distribution in the side view 

along the building direction are shown in Fig. 3(a) for LPBF single-material 316L SS and Fig. 

3(b) for LPBF single-material 15-5PH SS. The average relative densities obtained by both 

Archimedes’ method and OM method are also labelled, and both methods indicate that both 

steels contain near-full densification (> 99.5%), and 316L SS is slightly denser than 15-5PH SS 

by up to 0.14%. The values obtained from two methods were consistent for both materials, 

indicating that these 2-D sections are representative of the bulk specimens for the pore 

analysis.  
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The pore area distribution plots indicate that 15-5PH SS contained fewer small pores (with 

area < 20 m2) and more large pores (with area > 100 m2) compared with 316L SS. The 

largest pore area in 15-5PH SS was 1146.5 m2, while the largest pore area in 316L SS was just 

260.8 m2. Comparing the pore circularity distribution plots between both steels for larger 

pores (with area > 19.17 m2) shows that 316L SS contains a higher proportion of spherical 

pores. Figure 4 displays circularity versus pore area for both steels, and shows that a cluster 

of small pores (<200 m2) in 15-5PH SS are less circular than pores in 316L SS, and also that 

15-5PH SS contains more larger pores (>200 m2) with low circularity (down to 0.4). To 

summarize, with the same LPBF processing parameters, 15-5PH SS contains higher porosity, 

a smaller proportion of small pores and higher proportion of larger pores with more irregular 

non-spherical shapes. These irregular pores have been associated with local lack of fusion, 

where melt pools do not fully overlap [32]. 316L SS contains mainly spherical pores (as 

labelled in Fig. 3(a)), which have been associated with gas entrapment during the rapid fusion 

process [33].  

 

 
Figure 3 Micrographs showing pore morphology and histograms of pore area and circularity for single-
material (a) 316L SS and (b) 15-5PH SS. Building direction (BD) is indicated by an arrow. 
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Figure 4 Pore circularity versus the pore area of single-material 316L SS and 15-5PH SS. 

 

SEM images of etched surfaces along the building direction are shown in Fig. 5(a) for 316L SS 

and Fig. 5(b) for 15-5PH SS. The melt pool boundaries are marked out by dash lines. A fish-

scale morphology is evident due to the semi-circular shape of the melt pool, which partially 

overlapped with the previous solidified layers [34]. Although the melt pool morphology of 

both 316L SS and 15-5PH SS appear similar, the melt pool size of 15-5PH SS was larger than 

that of 316L SS with the same process parameters. In the same area, twenty cross-sectional 

views of melt pools are visible in Fig. 5(a) but only ten in Fig. 4(b). The difference in melt-pool 

dimensions can be attributed to the difference in material thermal properties. Based on the 

study reported by Rubenchik et al., the melt pool depth and width are universal functions of 

two dimensionless parameters: normalized enthalpy (B) (Eq. 2) and the ratio of dwell time to 

the thermal diffusion time (p) (Eq. 3), and these functions can be interpolated by the algebraic 

expressions given in Equations 4 and 5 [35]. 

B =
𝐴𝑃2

3
4

𝜌𝐶𝑇𝑚√𝜋𝐷𝑣𝑎3
 [2] 

p =
𝐷

𝑣𝑎
 [3] 

Depth d(B, p) =
𝑎

√𝑝
[0.008 − 0.0048𝐵 − 0.47𝑝 − 0.099𝐵𝑝 + (0.32 + 0.015𝐵)𝑝 𝑙𝑛𝑝

+ 𝑙𝑛𝐵(0.0056 − 0.89𝑝 + 0.29𝑝 𝑙𝑛𝑝)] 

[4] 

Width w(B, p) =
𝑎

𝐵𝑝3
[0.0021 − 0.047𝑝 + 0.34𝑝2 − 1.9𝑝3 − 0.33𝑝4 + 𝐵(0.00066

− 0.007𝑝 − 0.00059𝑝2 + 2.8𝑝3 − 0.12𝑝4)

+ 𝐵2(−0.0007 + 0.015𝑝 − 0.12𝑝2 + 0.59𝑝3 − 0.023𝑝4)

+ 𝐵3(0.00001 − 0.00022𝑝 + 0.002𝑝2 − 0.0085𝑝3 + 0.0014𝑝4)] 

[5] 
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In these equations, A is laser absorptivity, P is laser power,  is material density, C is heat 

capacity, Tl is liquidus temperature, D is thermal diffusivity, v is scanning speed, and a is laser 

spot size diameter. Using the thermal properties of 316L SS and 15-5PH SS given in Table 2, 

and a laser spot size taken as 150 m, normalized melt pool depth and width were calculated 

using Eq. 2 to Eq. 5. The calculated melt pool depth was 200.3 m in 316L SS and slightly 

deeper in 15-5PH SS (219.5 m). However, melt pool width calculated in 316L SS (61.74 m) 

was about half of that in 15-5PH SS (122.27 m), which is consistent with the observation of 

roughly twice as many melt pools in 316L SS (Fig. 5(a)) compared to 15-5PH SS (Fig. 5(b)). The 

higher specific heat of 316L SS means 15-5PH SS requires less laser energy to attain the same 

temperature as 316L SS. 15-5PH SS also has a higher thermal diffusivity and so more quickly 

transfers heat from the laser and thus, a larger volume of material reaches the liquidus 

temperature, forming larger melt pools. Similar effects on melt pool dimensions have been 

reported when processing materials with different thermal properties (pure Ti and IN718) 

using the same laser scanning parameters, based on finite modelling [36]. The larger melt 

pools in 15-5PH SS should provide more overlap between adjacent layers and tracks, and 

therefore reduce irregular-shape lack of fusion porosity, but the opposite was observed in Fig. 

3 and Fig. 5. Unti et al. [32] reported that a large number of nanoscale crystalline oxide 

particles are dispersed throughout the microstructure of LPBF 15-5PH SS. Process-induced 

oxidation can reduce metal wettability [37, 38]. Therefore, these irregular pores might be 

attributed to the limited molten metal flow influenced by oxidation during LPBF process [39].  

Table 2 Thermal properties of 316L SS [40] and 15-5PH SS [41] used for Eq. 2 to Eq. 5. 

 316L SS 15-5PH SS 

Density,  (g/cm3) 8.0 7.8 

Liquidus temperature, Tl (°C) 1375-1400 1405-1440 

Thermal diffusivity, D (W/mK) 15 17.8 

Heat capacity, C (J/g-°C) 0.50 0.42 

Laser absorptivity, A 0.6 0.6 
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Figure 5 Melt pool and subgrain structure of single-material (a) 316L SS and (b) 15-5PH SS at lower 
(top) and higher (bottom) magnifications. Building direction (BD) is indicated by an arrow. Retained 
austenite (RA) and martensite (M) are indicated with arrows. 

 

Higher magnification images at the bottom of Fig. 5(a) and (b) show the subgrain structures 

of LPBF 316L and 15-5PH SS at higher magnifications. A typical intragranular cellular 

segregation network structure was observed within melt pools of 316L SS. During the LPBF 

process, the kinetic undercooling degree increases the nucleation rate and therefore refines 

the microstructure and develops cellular dendrites. The 3D morphology of the cellular 

structure is closely aligned along the longitudinal direction in each columnar grain so that 

polygonal shapes of cells are seen in the transverse direction (marked with red dash lines, Fig. 

6(a)). According to Yuan et al. [42], the cellular boundaries are caused by the segregation of 

the heavy alloying element Mo. The martensitic microstructure of 15-5PH SS with some 

amount of retained austenite (RA) between martensitic (M) laths is shown at high 

magnification and indicated with white arrows in Fig. 5(b). The existence of retained austenite 

in 15-5PH SS was confirmed by the EBSD phase map as shown in Fig. 6(j). The martensitic 

microstructure in 15-5PH SS is the result of the very high cooling rate during LPBF process, 

and the presence of retained austenite is due to the lowering of the martensite start (Ms) 

temperature. In the study of Rafi et al. [43], it was reported that for 15-5PH SS, the Ms 
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temperature could be shifted to below room temperature due to the localized variations of 

thermal history and compositions due to the LPBF process and the nature of solidification. 

Elements that tend to stabilize austenite (such as Mn and Ni) can have local concentration 

variations due to the material flow within melt pools caused by the Marangoni effect and help 

to form retained austenite in martensite laths. Retained austenite is prone to form strain-

induced martensite, which may act as an additional hardening mechanism. Some small 

spherical particles are scattered throughout the microstructure (indicated by black arrows, 

Fig. 5(b)), which are perhaps oxide inclusions decorating the walls of solidification cells in the 

primary-solidified grains [32]. Due to the small size, these particles provide further hardening, 

similar to the mechanism in an oxide dispersion-strengthened steel [44]. There are several 

regions marked out by red lines showing clusters of extremely fine structures with the same 

elongation direction in each region (red arrow), which might be the clusters of primary 

dendrites within different grains. 

The results of EBSD analysis for LPBF 316L SS (left) and 15-5PH SS (right) from transverse 

sections along the building direction are shown in Figure 6, with the normal direction (ND), 

transverse direction (TD), and building direction (BD) defined at bottom left. Fig. 6(a) and (f) 

display the pole figures (PFs) in TD-ND plane for both steels. Compared with 316L SS 

(maximum index: 7.74), 15-5PH SS shows relatively low texture intensity with a maximum 

index of 1.59. This lower texture might be due to the transformation of the austenite phase 

to the martensite phase during solidification [45]. Inspection of PFs and the BD orientation 

map in Fig. 6(b) and (g) indicates that most grains are orientated in (101) direction (green 

colour in the orientation map) in 316L SS and (111) direction for 15-5PH SS. A strong intensity 

of 110 pole is found in 316L SS parallel to building direction. This is consistent with the 

radial extraction of heat and epitaxial grain growth from the bottom of rounded melt pools 

during LPBF, which has been used to explain a similar rotation of 100 away from the build 

direction in other work [46]. The major texture of 15-5PH SS is 111 along the building 

direction, which is attributed to the epitaxial competitive growth of the martensite grain 

caused by global heat dissipation during LPBF process. It also agrees with displacive austenite 

(γ ) →  martensite (α ') transformation in lath martensite following a Kurdjumov-Sachs 

orientation relationship, where a close-packed direction in the martensite is parallel to a 

close-packed direction in the austenite (i.e., <101> γ || <111> α') [47].  In orientation maps, 

grains were elongated parallel to building direction due to solidification along the direction of 

maximum thermal gradient in the LPBF process. Area-weighted average grain sizes of 15-5PH 

SS were measured from the scans at 1000X magnification with a step size of 0.1 m. However, 

due to the grain size difference, the grain sizes of 316L SS were measured from the scans at 

120X magnification with a step size of 1 m. 316L SS had larger grains with a size of 100.8 m 

compared to 15-5PH SS with a grain size of 4.7 m. 316L SS grains were also more elongated 

in the building direction (aspect ratio of 5.9 ± 4.0) than 15-5PH SS (aspect ratio of 2.9 ± 1.8). 
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Phase mapping (not shown here) indicates that 316L SS consists of austenite (γ-phase), while 

15-5PH SS contains mainly martensite (α'-phase). Grain boundary (GB) maps indicate that 

LPBF 316L SS contains a larger fraction of low angle grain boundaries (LAGBs, 2°–15°, 74.0 % 

of all GBs, Fig. 6(c)) than 15-5PH SS (LAGBs 44.3 % of all GBs, Fig. 6(h)). The kernel average 

misorientation (KAM) map shows the local average grain misorientation between the centre 

pixel and its surrounding pixels [48]. A combined analysis of the GBs maps and KAM maps (Fig. 

6(d) and (i)) illustrate that there is a direct coincidence between local misorientation and 

LAGBs. During the LPBF process, as the dendrites grow, the coalescence of dendrites 

accumulates misorientation and forms large numbers of LAGBs [49]. Therefore, LAGBs are 

rich in geometrical necessary dislocations (GNDs), which suggests a strong dislocation 

trapping and retention mechanism, consistent with strain-hardening behaviour. Fig. 6(e) and 

(j) show the phases detected in both steels, indicating that 316L SS fully consists of austenite 

while 15-5PH SS contains majority of martensite and small amount of retained austenite 

(0.2%). 
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Figure 6 EBSD maps (with a step size of 1 m at 120X magnification and a step size of 0.1 m for inset 

maps of 15-5PH SS at 1000X) along building direction: (a, f) pole figure (PF) with respect to BD, (b, g) 

orientation maps with respect to BD, (c, h) grain boundaries (GBs) map, (d, i) kernel average 

misorientation (KAM) map, (e, j) phase map for single-material 316L SS (a-d) and for 15-5PH SS (e-h). 
Reference coordinate systems for all scans are shown in the left bottom corner. 

 

3.2 Mechanical properties of single materials 

Vickers hardness for LPBF single-material 316L SS was 228 ±5 HV, and 374 ±9 HV for 15-5PH 

SS, corresponding to the higher yield strength of 15-5PH and consistent with other reported 

results [50]. Representative tensile stress-strain curves for both steels are plotted in Figure 7, 

which also tabulates the 0.2% offset yield strength (YS0.2), ultimate tensile strength (UTS), 

Young's modulus (E), and elongation to break. Both steels appear to have similar Young's 

modulus. 316L SS exhibits a lower yield strength (540.6 ± 11.9 MPa) than 15-5PH SS (843.0 ± 

14.0 MPa), a lower ultimate tensile strength (639.0 ± 1.2 MPa) than 15-5PH SS (1091.7 ± 17.6 

MPa), but a higher ductility (34.3 ± 1.7%) than 15-5PH SS (2.3 ± 2.0%). Compared to the tensile 

properties of flat-rolled 316L SS [40] and wrought as-received 15-5PH SS [44], the LPBF-

fabricated components exhibited increased YS (by 218% of 316L SS and 27% of 15-5PH SS) 

due to the refined microstructures formed during rapid solidification. However, the 

elongation to failure of 15-5PH SS reported in Figure 7 is lower compared to typical ranges for 

conventional manufacturing (2.3% to 18.2% [44]). The higher YS and lower ductility might be 

attributable to more hardening due to Cu precipitates resulting from the LPBF thermal history. 

The presence of non-circular pores is also expected to reduce the ductility of LPBF material in 
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this work. Other LPBF 15-5PH [51] has been reported with higher ductility (>8% elongation to 

failure) in the as-built condition, but the ductility decreased (<4% elongation) after ageing 

heat treatments to induce Cu precipitates, and the size, shape, and concentration of pores 

are also thought to play a role.  

   
Figure 7 Representative engineering tensile stress-strain curves and tensile properties of LPBF single-

material 316L SS and 15-5PH SS. 
 

Figure 8 presents SEM images depicting representative fracture surfaces of both steels. For 

316L SS, as shown in Fig. 8 (a) at the macroscopic scale, smooth and flat ridges, high fracture 

plane, and sharp edges are observed. In addition, distinctive gradual ridges suggested tearing 

of metal and manifesting significant plastic deformation corresponding to ductile fracture. 

Many small porous voids were also observed (enclosed by red boxes), similar to other 

studies [52]. The high-magnification fractography of 316L SS (Fig. 8 (b)) presents a rough 

surface and deep dimples, with some hole defects containing unmelted raw powders, and 

some small irregular-shape process-induced defects. From the fracture surface of 15-5PH SS 

(Fig.8 (c)), it was observed that many large irregular-shaped defects (enclosed by red boxes) 

are distributed close to the specimen edge. This is consistent with the larger, lower circularity 

pores observed in 15-5PH SS, (Fig. 4), which can cause higher stress concentration and 

promote earlier failure compared to the voids in 316L SS with higher circularity. The cracks 

appear to have initiated from the edge and propagated inward, leading to a characteristically 

flat, brittle fracture surface from the periphery of the sample to a central dimpled region. A 

large cleavage face is observed on the top region of fracture surface, which is formed due to 

a void acting as an initiation site [53]. Higher magnification imaging of 15-5PH SS (Fig. 8 (d)) 

shows a flat surface and shallower dimples at the periphery of the fracture surface due to its 

brittle behaviour and finer grain microstructure compared to 316L SS.  
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Figure 8 Representative tensile test fracture surfaces of LPBF single-material parts. (a, c) Macroscopic 
and (b, d) high-magnification view of 316L SS (a-b) and 15-5PH SS (c-d). Building direction (BD) is 
indicated by an arrow. 
 

3.3 Microstructure of 316L/15-5PH bimaterials  

3.3.1 Interfacial defects and microstructural analysis  

The entire as-polished cross-sectional image of 316L/15-5PH bimaterials (Fig. 9(a)) shows a 

continuous and apparently well-adhered bond between 316L SS and 15-5PH SS. The etched 

interface region (Fig. 9(b)) appears sharp without obvious intermixing. On the top 316L SS 

side, there are few small spherical pores with a density of 99.98±0.02% (based on 5 images at 

random locations). The bottom 15-5PH SS side exhibits some larger spherical pores and an 

irregular-shaped defect (marked out by red arrow) with a density of 99.96±0.03% (based on 

5 images at random locations). These observations are consistent with the pore shape 

distributions and relative densities (OM) of both single-material steels (as shown in Figure 3: 

99.99% for 316L SS and 99.95% for 15-5PH SS). Upon inspection at higher magnification (500X), 

no defects were observed along the entire interface. A representative image is shown in Fig. 

9(c). However, the possibility of defects at different cross-sectional locations in the specimen 

cannot be excluded, and other features relevant to pore formation (such as boundaries 

between island scans) were not specifically inspected. In studies of LPBF-built bimaterials 

between Fe and Ni alloys, for example, in 316L SS/IN718 bimaterials studied by Mei et al. [14], 

some cracks are observed at near-interface 316L SS side which might be attributed to the high 

thermal-induced residual stress at the interface and lower tensile strength of 316L SS 

(coefficient of thermal expansion of IN718 is 12.8  x 10-6/°C and 17.2 x 10-6/°C for 316L SS). In 

another study of LPBF IN718/316L SS reported by Duval-Chaneac et al., liquation cracking was 

observed at near-interface IN718 side due to the rapid solidification and high alloying content 

[54]. Some interfacial microcracks and pores have also been reported for 316L SS and CuSn10 

bimaterials, which are reportedly caused by replacement solid solutions in liquid state due to 
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different densities (8.8 g/cm3 for bronze and 7.98 g/cm3 for steel) and the limited mutual 

solubility of steel and bronze in solid state [12, 14, 55]. However, in LPBF bimaterials between 

316L SS and H13 steel [56] and between maraging steel and H13 steel [57], narrow interfaces 

without cracks or discontinuities have been reported. Despite large differences in coefficient 

of thermal expansion for some bimaterial combinations of steels, (17.2 x 10-6/°C for 316L SS, 

12.6 x 10-6/°C for H13, and 13 x 10-6/°C for maraging steel), interfacial cracking or defects were 

not observed in these bimaterials with similar compositions, in contrast to more dissimilar 

bimaterial combinations. In this study, 316L and 15-5PH SS materials had similar compositions 

(listed in Table 1), similar densities (7.98 g/cm3 for 316L SS and 7.8 g/cm3 for 15-5PH SS), and 

a large difference in coefficients of thermal expansion (17.2 x 10-6/°C for 316L SS and 10.8 x 

10-6/°C for 15-5PH SS) which is even larger than the difference between 316L SS and IN718 

mentioned above. Therefore, high thermal/residual stress expected due to large differences 

in thermal expansion alone are not sufficient for interface cracking/defects, and suggests the 

importance of composition.  

 
Figure 9 Optical micrographs showing defects in 316L SS/15-5PH SS bimaterials. (a) Stitched images 
of the entire as-polished cross-section. Etched cross-sections near the interface regions at (b) lower 
(100X) and (c) higher (500X) magnifications. Building direction (BD) is indicated by an arrow. 

 

Figure 10 shows SEM images revealing the microstructure of etched 316L/15-5PH SS 

bimaterial components. In Figure 9(a) (the image in the middle), the interface is marked out 

by a red dashed line and is wavey with a maximum amplitude of 57.4 m, which is about twice 

the layer thickness applied in LPBF process (t=30 m). Higher magnification of the interface 

region (Fig. 10(b)) indicates that the wavey shape at the interface is attributed to melt pool 

boundaries of the first layer of 316L SS, which appears well-fused with the previous 15-5PH 

SS layers. Similar wavey interfaces with a thickness of two layer heights have also been 

observed at 316L SS/CuSn10, 316L SS/C18400 copper alloy, and Maraging steel/H13 steel 

bimaterial interfaces [12, 55, 57]. In the near-interface 15-5PH SS region (Fig. 10(c)) at around 

120.7 m from the interface, there is a wavey fine/coarse microstructural interface marked 
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out with a white dash line, showing a region with a very fine structure beneath the interface 

due to the rapid heat transfer from melted liquid material to the solid substrate [57]. Figure 

10(d) and (e) show microstructure in far-interface 316L SS region and far-interface 15-5PH SS 

region, respectively. Subgrain cellular dendrite structure in 316L SS and martensite laths in 

15-5PH SS are clearly observed, and they are in good agreement with the microstructure of 

single-material components for both SS materials, as shown in Figure 5.  

 
Figure 10 SEM images of 316L SS/15-5PH SS bimaterials. (a) Interface region with indicative melt 
pool boundaries traced by dashed lines; (b) 316L SS/15-5PH SS interface; (c) onset of more refined 
15-5PH SS approaching the interface with 316L; (d) upper far-interface 316L SS region; (e) bottom 
far-interface 15-5PH SS region. Building direction (BD) is indicated by an arrow. 

 

3.3.2 Chemical element diffusion analysis at the interface  

Figure 11displays EDS mapping at the near-interface region to qualitatively assess the extent 

of element diffusion between 316L SS and 15-5PH SS.  According to Table 1, elements Ni and 

Cu have a relatively large difference in compositional percentage between these two 

materials: A large amount of Ni is contained in 316L SS as an austenite-stabilizing element to 

maintain face-centred cubic (FCC) structure, and Cu mainly exists in 15-5PH SS to induce 

precipitation hardening. The EDS maps indicate uniformly high concentrations of Ni in near-

interface 316L SS (Fig. 11(b)) and uniformly high concentrations of Cu in near interface 15-

5PH SS (Fig. 11(c)) and a sharp and wavey interface in between, which further confirms the 

interfacial melt pool microstructure observed by SEM. At the interface of the coarse and fine 

microstructure regions in the 15-5PH beneath the interface, shown in Fig. 10(c), there is no 

apparent change in composition, suggesting that this microstructural change is attributable 

to thermal processing conditions at this location.  
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Figure 11 Chemical element distribution at LPBF 316L SS/15-5PH SS bimaterial interface: (a) SEM 
image; (b, c) Ni and Cu elemental distributions using EDS mapping. Building direction (BD) is indicated 
by an arrow. 
 

To analyse the compositional distribution of chemical elements across the interface more 

quantitatively, EDS line scans were carried out in different locations along the interface at a 

higher magnification. The results and corresponding microstructures are displayed in Figure 

12(a–d). The horizontal white lines are the scanned region, and the compositional changes of 

Ni (blue) and Cu (yellow) elements are plotted above. The interface is easily distinguished 

with 316L SS on the left and 15-5PH SS on the right. From the 316L SS to the 15-5PH SS side, 

the concentration of Ni is stable on the left side (cps of 390.8 ± 16.3), starts to decrease within 

the narrow transition region at the interface, and drops back to a steady value on the right 

side (cps of 179.1 ± 4.5). An increase of Cu concentration was observed in the opposite 

direction from the 316L SS (cps of 71.8 ± 3.9) to the 15-5PH SS side (cps of 130.9 ± 3.6). The 

ratio of Ni concentration (cps) in 316L SS and 15-5PH SS (390.8: 179.1) is comparable with the 

ratio of composition fraction (wt%) given in Table 1 (10–14: 3.5–5.5). The compositional 

transition width at each location along the interface was measured, and the calculated 

average distance is about 7.2 m (less than one layer thickness), indicating that element 

diffusion at LPBF 316L/15-5PH bimaterial interface occurs within the first layer of melt pool 

from top material. In Figure 12(d), the sharp fluctuations of the composition profiles appear 

to be attributable to partial mixing caused by mass convection, which is prevalent inside the 

fluid melt pool during LPBF. Despite the different diffusion coefficients of Ni and Cu, the same 

element distribution fluctuations can be observed, confirming that convection is likely the 

major mechanism for material transport in LPBF process instead of element diffusion [58]. 

The Marangoni effect describes the downwards flow of mass from low surface tension region 

(near-surface section of melt pool) and upwards moving of liquid materials from high surface 

tension region (bottom melt pool boundary region) [59], resulting in mixing interaction 

between both liquid materials. The lateral arrangement of both materials and their 

distinctively separated occurrence upon solidification is presumed to be caused by the short 

timespan of the liquid phase before solidification begins due to rapid cooling rate during the 

LPBF process [60]. Similar Marangoni-induced solidification features (circular melt vortices) 

were also observed and explained with a numerical model reported by Hengsbach et al. [56]. 
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No morphological features or compositional changes were observed at the interface to 

suggest the formation of any phases that were not present in each of the single materials. 

 
Figure 12 Element distribution of nickel (Ni) and copper (Cu) at various locations along the 316L 
SS/15-5PH SS bimaterial interface from EDS line scan. Building direction (BD) is horizontal. 
 

3.3.3 EBSD analysis 

EBSD maps of far-interface regions in both 316L SS (left) and 15-5PH SS (right) sides of the 

bimaterial component are presented in Figure 13. Compared to the single materials, PFs maps 

of both far-interface regions (Fig. 13(a) and (e)) indicate similar texture: major texture in 

110 with a maximum texture intensity of 9.59 in far-interface 316L SS side and far-interface 

15-5PH SS side showed a high texture intensity (max. intensity of 2.05) in 111 pole. The 

stronger texture observed in 316L SS is consistent with epitaxial growth of large columnar 

grains, some of which would extend beyond individual melt pool depths (predicted to be 

200.3 m, and shown in Figure 5). This epitaxial growth and strong texture is consistent with 

results reported elsewhere [46]. Orientation maps of bimaterial far-interface regions (Fig. 

13(b) and (f)) appeared to have the same grain elongation directions as single materials 

(parallel to building direction). In these orientation maps, the majority of grains observed in 

far-interface 316L SS and 15-5PH SS are aligned in <101> and <111> direction, respectively. 

The area-weighted average grain sizes of 107.9 m (far-interface 316L side) and 5.9 m (far-
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interface 15-5PH side) are also consistent with those measured in corresponding single-

material 316L SS (100.8 m) and 15-5PH SS (4.7 m). The grain aspect ratio values in each far-

interface region (4.3 ± 3.1 for 316L SS and 2.6 ± 1.2 for 15-5PH SS) are also shown a good 

agreement with that in single materials (5.9 ± 4.0 for 316L SS and 2.9 ± 1.8 for 15-5PH SS). A 

comparison of GBs between bimaterial far-interface regions (Fig. 13(c) and (g)) and single-

material regions (Fig. 6(c) and (g)) indicates that for 316L SS, the single material contains ~74.0% 

of LAGBs, and far-interface region in the bimaterial contains ~77.3% of LAGBs, and for 15-5PH 

SS, ~44.3% of LAGBs in the single material and ~38.1% of LAGBs in the far-interface region in 

bimaterials. The proportion of LAGBs and HAGBs in the single materials and bimaterial far-

interface regions are thus very similar for both materials. KAM maps (Fig. 13(d) and (h)) in 

both far-interface regions of the bimaterial also show good agreement with both single 

materials, with high KAM values located along the LAGBs. In summary, in far-interface regions 

of LPBF bimaterial components, the texture, grain morphology, grain size, and KAM 

distributions showed high similarity with corresponding LPBF single-material parts. 
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Figure 13 EBSD maps (with a step size of 1 m at 120X magnification and a step size of 0.1 m for inset 
maps of 15-5PH SS at 1000X) along building direction: (a, e) pole figure (PF) with respect to BD (b, f) 
orientation maps with respect to BD, (c, g) grain boundaries (GBs) map, (d, h) kernel average 
misorientation (KAM) map for upper far-interface 316L SS region (a-d) and for bottom far-interface 
15-5PH SS region(e-h). Reference coordinate systems for all scans are shown in the left bottom corner. 

 
To further analyse the microstructure of the near-interface region in bimaterials, EBSD 

analysis was carried out at two different magnifications. Results for 316L SS were obtained 

and calculated with the maps at 120X with a step size of 1 m. Due to the smaller grain size 

of 15-5PH SS, results were obtained using maps at 1000X with a step size of 0.1 m. Grain 

orientation and GB maps are shown in Fig. 14(a, f) and (b, g) and indicate a clear interface 

between 316L SS (top) with elongated, coarser, and columnar grains with an apparently 

dominant <101> texture in the building direction, and 15-5PH SS (bottom) with finer, 

elongated grains mainly with <111> texture aligned in the building direction. As pointed out 

by black arrows in Fig. 14(f, g), a thin region of finer-grained 15-5PH intruding upon the 

coarser-grained 316L that resembles the features previously attributed to convective mixing 

of 316L and 15-5PH SS. Below the compositional interface, on the 15-5PH SS side, a higher GB 

density and finer grains were observed with an area-weighted average grain size of 1.5 m 

(about 25% of the grain size of 5.9 m measured in the far-interface 15-5PH SS region in Fig. 

13(f)). These finer grains are also less elongated (aspect ratio of 2.0 ± 0.8) than the far-

interface 15-5PH SS region (aspect ratio of 2.6 ± 1.2). The formation of finer, more equiaxed 

grains was likely caused by the different thermal history at the top of the 15-5PH SS due to 

the long pause time for changing powder before laser scanning of subsequent 316L SS powder 

layers, resulting in a longer time at higher temperature. This pause of approximately 60 min., 

followed by reheating due to laser scanning the layers above, is similar to a post-process aging 

heat treatment of LPBF 15-5PH SS reported by Wang et al. [61], and may have resulted in in-

situ tempering [62] which provided a possibility to obtain more precipitates and potentially 

more recrystallization, as discussed below.  

KAM maps displayed in Fig. 14(c) and (h) suggest that a direct correlation between KAM and 

LAGBs is still observed near the interface, since KAM values appear higher at locations of 

LAGBs shown in Fig. 14(b) and (g). In the KAM map at lower magnification (Fig. 14(c)), the 
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bottom, coarser region of the 15-5PH SS has higher KAM values than the 316L SS side due to 

its smaller grains with a higher density of LAGBs. However, in the fine-microstructure region 

beneath the interface, the KAM values are lower, which can be attributed to the insufficiently 

large step size for EBSD at this magnification (1 m step size, in a region where the area-

weighted average grain size is about 1.5 m). Therefore, Fig. 14(g) with a smaller step size of 

0.1 m is regarded as more reliable. From this figure, the average KAM values in the fine-

microstructure region (below interface) were calculated as 1.38 ± 0.86 °, which is larger than 

in single material 15-5PH SS (0.95 ± 0.44 °) and the far-interface region of bimaterial on the 

15-5PH SS side (0.72 ± 0.40 °).  

Grain orientation spread (GOS) maps are shown in Fig. 14(d) and (i) to explore potential grain 

recrystallization at the interface. GOS values < 1° were used as a criterion to separate 

potentially recrystallized grains [63]. In Fig. 14(d), the GOS values for 316L SS appear larger 

compared to the fine-microstructure 15-5PH SS nearest to the interface, but this can be 

attributed to the insufficiently large step size for EBSD at this magnification (as discussed for 

the KAM map in Fig. 14(c)). To further analyse potential recrystallization in the fine-

microstructure 15-5PH region, GOS values were extracted at higher magnification (Fig. 14(i)) 

with a step size of 0.1 m, and compared to those at the far-interface region of 15-5PH SS 

and single-material 15-5PH SS, as shown in Figure 15. In single-material 15-5PH and the far-

interface 15-5PH SS region, the potential recrystallization fractions were similar with GOS 

values < 1° of 2.97% and a 5.52%, respectively. However, in the fine-microstructure region 

beneath the interface (Fig. 15(c)), potentially recrystallized grains account for 21.87% of all 

grains, indicating that more recrystallization may have occurred in the fine-microstructure 

region beneath the interface, and might explain the finer and less elongated grains. 

Recrystallization of stainless steels fabricated by LPBF has been reported without heat 

treatment post-processing in several studies and has been attributed to the thermal cycles 

caused by the layer-wise scanning [64-66]. As already noted, the thermal history of the top 

layer of 15-5PH SS would have changed due to the long pause time for changing powder and 

before laser beam scanning of subsequent 316L SS layers, resulting in a longer period of time 

at high temperature and potentially more recrystallization. This longer time at high 

temperature might also have caused more Cu precipitates in the near-interface 15-5PH [32], 

similar to ageing heat treatments applied for 15-5PH [67]. Increased Cu precipitation, as well 

as thermal mismatch between 15-5PH and 316L SS, may account for the higher strain and 

misorientation indicated by the KAM maps, despite more recrystallisation in this region.  

Phase maps at the interfacial region are displayed in Fig. 14(e) and (j). Almost full austenite 

was observed in the 316L SS side, however, there were some martensitic regions detected in 

the 316L SS side at the locations close to the interface, which appear to be associated with 

Marangoni effect solidification features as in Fig. 12(d). The fine-microstructure region 

beneath the interface on the 15-5PH SS side was mainly martensitic, but a higher 9.8% 
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fraction of austenite was detected in this region compared with 0.2% in single-material 15-

5PH SS (shown in Fig. 6(j)). One possible cause of this increase was the change in thermal 

history at the top layers of 15-5PH SS due to the pause in laser scanning and the extended 

high temperature environment during powder changing, therefore allowing more martensite 

to transform into reversed austenite [32, 61, 67]. Another cause might be the diffusion of 

austenite-stabilising Ni from 316L SS to 15-5PH SS, although this does not appear evident from 

the EDS measurements in Figures 11 and 12.  
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Figure 14 EBSD maps of near-interface region along building direction: (a, f) orientation map with 
respect to BD, (b, g) Grain boundaries (GBs) map, (c, h) Kernel average misorientation (KAM) map, 

(d, i) Grain orientation Spread (GOS) map, (e, j) phase maps at 120X with a step size of 1 m (a-d) 

and at 1000X with a step size of 0.1 m (e-h). Reference coordinate systems for all scans are shown 
in the left bottom corner. 

 
Figure 15 GOS maps at 1000X with a step size of 0.1 m of (a) single-material 15-5PH SS, (b) far-
interface region of bimaterial in the 15-5PH SS side, (c) interface fine-microstructure region of 
bimaterial in 15-5PH SS side. Crystallization fraction (GOS < 1°) of each map is labelled in the top right 
corner. Reference coordinate systems for all scans are shown in the left bottom corner. 

    
 

3.3.4 Microhardness of bimaterials 

The Vickers hardness variation across the 316L/15-5PH bimaterial interface is presented in 

Figure 16. The low hardness of 316L SS side is apparent with an average value of 220 HV, 

similar to the values of single-material 316L SS components (228 ± 5 HV) reported in section 
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3.2. On the 15-5PH SS side, a higher average hardness value of 373 HV is obtained, which is 

similar to the hardness values reported above for single-material 15-5PH SS components (374 

± 9 HV). The average value at the interface (304 HV with a large standard deviation of 65 HV) 

is in between the results expected for each single material. The three repeated indentations 

at the location of the interface used to determine the average value are shown at higher 

magnification (inset in Figure 16) and indicate that one indent appears to be on the 15-5PH 

SS side while the other two contact with both materials, which is due to the wavey 

morphology of the interface and accounts for the large standard deviation. It is also worth 

noting that the first measurement beneath the interface on the side of the 15-5PH SS (0.2 

mm from the interface in the 15-5PH near-interface region) is relatively higher at 397 HV, 

which can be attributed to the finer grain microstructure in the near-interface 15-5PH SS 

region as reported in section 3.3.1. Although 0.2 mm distance is larger than the measured 

thickness of very-fine grain microstructure region (0.12 mm), the hardness is generally 

affected by the surrounding area with a size of 10 times the indent size. Overall, in LPBF 

316L/15-5PH SS bimaterial components, there is a hardness gradient within ± 0.2 mm 

distance from the interface. From 316L SS side to 15-5PH SS side, the hardness at far-interface 

316L SS region is similar to that in single-material 316L SS. It increases within a distance of 0.2 

mm from the interface and reaches a maximum at about 0.2 mm into the 15-5PH near-

interface region, and then drops steadily until reaching similar values as in single-material 15-

5PH SS. 
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Figure 16 Vickers hardness distribution of LPBF 316L SS (left) /15-5PH SS (right) bimaterials at varying 
perpendicular distances from the interface. Average of three measurements shown for each 
datapoint with error bars bounding ± standard deviation. Building direction (BD) is indicated by an 
arrow 
 

4 Summary and Conclusions 

A bimaterial component of austenitic 316L SS and martensitic 15-5PH SS was joined using 

LPBF. Interface characterisation indicates that multi-material LPBF could be viable for 

producing austenitic SS parts hard-faced with martensitic SS using a single manufacturing 

process. The mechanical properties of the bimaterial interface and potential effects of varying 

build direction with respect to the interface orientation have not been studied and may be an 

important direction for future work. A more detailed list of key findings is given below: 

• Solidification of LPBF 316L SS and 15-5PH SS was observed to show similar elongated 

grain orientations but very different grain sizes, with coarser 316L SS (area-weighted 

average grain size of 100.8 m with an aspect ratio of 5.9 ± 4.0) and finer 15-5PH SS 

(area-weighted average grain size of 4.7 m with an aspect ratio of 2.9 ± 1.8). 

• Single-material, as-built LPBF 316L SS and 15-5PH SS showed similar elastic behaviours, 

but significant differences in post-yield plastic behaviour. The yield strength of 15-5PH 

SS (843.0 MPa) was higher than 316L SS (540.6 MPa), while the ductility of 316L SS 

(34.3% strain to failure) was about 15 times higher than that of 15-5PH SS (2.3% strain 

to failure). 

• The interfacial region of the 316L/15-5PH bimaterial showed dense bonding without 

visible pores and cracks, a wavey interface that varies by ~57.4 m (about twice the 

layer thickness) in the building direction, a compositional transition over a distance of 

about 7 m (less than one layer thickness), and a refined microstructural region over 

a distance of about 120.7 m on the bottom 15-5PH side, where the grain size is 

reduced by 75% (area-weighted average grain size of 1.5 m with an aspect ratio of 

2.0 ± 1.8), which may be due to tempering or recrystallisation as a result of the 

different thermal history in this region. 

• Based on EBSD analysis, the microstructures in the far-interface region of bimaterial 

components and corresponding single materials were similar, in terms of: (1) Texture, 

with 101 texture in 316L SS and 111 in 15-5PH SS relative to the building directions, 

and strong texture intensity in 316L SS compared with 15-5PH SS; (2) Grain size, with 

area-weighted average grain sizes of 107.9 m (far-interface 316L side) and 5.9 m 

(far-interface 15-5PH side) consistent with those in single-material 316L SS (100.8 m) 

and 15-5PH SS (4.7 m), respectively; (3) Grain boundary fraction, with ~74.0% LAGBs 

in single-material 316L SS and ~77.3% in the far-interface region of the bimaterial, and 

in single-material 15-5PH SS ~44.3% of LAGBs and ~38.1% in the far-interface region.  
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• The average Vickers hardness showed a sharp transition within ±0.2 mm from the 

interface, and values in the far-interface regions were consistent with the single 

materials of both steels.  
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