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ABSTRACT 

The paper presents the prospects of additive manufacturing (AM) in metal, using the powder 

bed fusion (PBF) method Electron Beam Melting (EBM) in fabrication specific steel-based 

alloys for different applications. The proposed approach includes manufacturing of metals from 

blended pre-alloyed powders for achieving in situ alloying together with the material 

microstructure tailoring by electron beam energy deposition rate control. EBM tests were 

conducted with the blends of 316L stainless steel and Colferoloys 103 and 139, corrosion and 

abrasion-resistant iron based materials commonly used for plasma spray coating. Thorough 

microstructure analysis of the manufactured sample was carried out using electron microscopy, 

and measurements of microhardness and elastic modulus was carried out using 

nanoindentation. It is concluded that implementation of blended powder pathway in PBF AM 

allows to widen the scope of available materials through diminishing the dependence on the 

availability of pre-alloyed powders. Together with beam energy steering this pathway also 

allows for an effective sample microstructure control at different dimensional scales, resulting 

in components with unique properties. Therefore, the implementation of 'blended powder 

pathway' in PBF AM provides a possibility of manufacturing components with the composite-

like and homogeneous zones allowing for the microstructure control and effectively adding a 

"4th dimension" to "3D printing". 
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1. Introduction 

Additive manufacturing (AM), often also called 3D-printing, is a family of an innovative 

technologies using layer-by-layer material deposition. Started as a prototyping technology 

using polymers AM today utilizes large variety of materials including elemental metals and 

alloys [1, 2]. Most commonly cited advantage of AM is an unprecedented freedom of 

component shapes achievable with AM methods. This is entirely true for the powder bed fusion 

AM technologies (PBF) including Electron Beam Melting (EBM), which use a metallic powder 

as precursor material [3-5]. 

Traditionally PBF additive manufacturing employ fully pre-alloyed powders in order to obtain 

required chemical composition, desired microstructure and uniform properties of the products. 

Today existence of appropriate and stable production routes of pre-alloyed powders is 

presumed an obvious way for achieving consistency and required quality in production of 

components using PBF AM technologies. So the majority of the AM production including 

critical parts for aerospace and defense industries made of Ti-based alloys and Ni-based 

superalloys [6], Ti-based alloys for implants used in biomedicine [7, 8], rare-earth and non-

rear-earth based permanent magnets [9-12] is performed using pre-alloyed powers with 

homogeneous elemental composition, microstructure and grain size distributions. The same 

time automotive, aerospace and biomedical sectors being so far the largest beneficiaries of AM 

technologies are continuously expressing the need for expanding variety of materials available 

for AM. In addition, the manufacturing of pre-alloyed powders for some promising materials 

is expensive, is not developed at all or is not available at needed industrial scale. In some cases, 

like with the high entropy alloys, pre-alloyed powders are hardly possible [13]. Thus, a search 

for modalities bypassing the restrictions imposed by the lack of pre-alloyed powders for AM 

is becoming one of the promising routes for reaching new materials with unique properties. 
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One of such possibilities is in using blends of elemental or easily available pre-alloyed powders 

and performing in situ alloying. Additional interest towards the powder blending in PBF AM 

is related to the possibilities of manufacturing components with composite and composite- like 

structure [4, 14], and steering the material microstructure in three dimensions inside the 

component during its manufacturing [15-19], which can be referred to as "4D-printing".  

In the present paper, we report on the investigation of both in situ alloying of the two iron-

based powders with EBM, and on the adjustment of material structure producing by choice the 

composite-like and alloyed material from the same precursor powder blend by adjusting the 

electron beam energy deposition rate. For this study we have chosen stainless steel 316L 

(SS316L), and Colferoloy 103 and Colferoloy 139 (hard, abrasive and corrosion resistant alloys 

commonly used for plasma spray coating). In general, steels and iron-based alloys in general 

are so far the most commonly used industrial materials. Moreover, a possibility of 

manufacturing components with abrasive and corrosive resistant periphery and ductile core in 

one manufacturing process seemed quite attractive. This approach was also regarded as a step 

to achieving composition and functionally graded materials with electron beam melting 

technology, and to manipulating the material microstructure within a component during 

additive manufacturing process. 

2. State of the art 

Present chapter describes current state of the art in PBF manufacturing of SS316L; melting-

cooling conditions specific to PBF methods and the consequences such conditions can have to 

the material microstructure and properties; in situ alloying; powder blend application and 

manufacturing of Structurally / Functionally Graded Materials using PBF AM. 

Additive manufacturing of steels, in particular of stainless steel 316L, is not a novelty as such. 

There is a significant number of publications describing different AM approaches to its 
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manufacturing [2, 20-24], specifics of laser- and electron-beam based PBF manufacturing 

processes used for SS316L, characteristic microstructure of additively-manufactured SS316L 

and its mechanical properties [21, 25-35]. In many cases, authors are comparing the properties 

of AM-manufactured SS316L samples with the ones reported for the same material 

manufactured by more traditional methods. 

A number of researchers reported on SS316L manufacturing by laser-based AM methods, in 

particular by laser-based PBF (L-PBF) [2, 21, 22, 24, 28, 31, 34, 36]. Characteristic 

microstructure of the achieved materials is predominantly hierarchical and austenitic with 10 

to 25 μm sized grains containing fine 1 μm- sized subgrains with a cellular microstructure [2, 

21]. Partial phase austenite to ferrite transformation at high temperatures characteristic to L-

PBF melt pool cooling dynamics combined with the growth of subgrains inside the micron-

sized grains and nucleation of the sigma phase can promote the tensile strength of SS316L to 

300 MPa at 1100° C compared with approximately 40 MPa of conventionally manufactured 

316L. The observed grain microstructure in L-PBF manufactured material may and superior 

resulting material properties can potentially change the application criteria for SS316L as a 

construction material and expand its application fields. The fabrication of SS316L with 

different laser beam spot size (“focused” and “defocused” modes) in L-PBF resulted in only 

few micro-cracks occurring in approximately 95.54% dense samples demonstrating excellent 

mechanical properties [2]. Samples manufactured with both beam strategies exhibit the typical 

ductile fracture with many dimples [2]. The same time, some researchers report that ductility 

of the laser-based additively manufactured SS316L is some lower, and hardness- higher than 

that of the samples manufactured using more traditional methods [34]. That could be explained 

by the reported dislocations accumulation on sub-grain boundaries. This conclusion is 

supported by the decrease of the microhardness values recorded for as manufactured 
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components and after they are subjected to annealing at 800˚C for 6 min under argon 

atmosphere from 3.2 ± 0,1 to 2.2 ± 0,2 GPa correspondingly.  

Research was also conducted for evaluating the effect of the process parameters in L-PBF. 

Kurzynowski et al. (2018) have studied the influence of applied laser power and beam scanning 

strategies (alternating traces without and with re-melting after each layer) microstructure of 

resulting SS316L material [31]. No significant changes of tensile strength and elongation were 

found for the samples manufactured with different parameter settings chosen. Material 

microstructure of as-manufactured components was similar to the one reported by other authors 

and consisted of columnar grains of austenite with intercellular segregation of Si, Cr and Mo, 

but additional formation of non-equilibrium eutectic ferrite have been revealed. Authors have 

also reported that for as-manufactured components and even after the post-processing residual 

stress inside the material was still higher than that common for SS316L after hot rolling. Such 

situation with reasonably high internal stress in as manufactured components is quite common 

for the L-PBF AM methods. With EBM residual stress in as-manufactured components is much 

less pronounced, as the components are kept at elevated temperatures through the entire 

manufacturing process providing continuous annealing [4, 5].  

Manufacturing of SS316L components by EBM was also reported [27, 29, 32, 33]. In this case 

research was aiming to utilize unique properties of SS316L including its excellent stability 

when subjected to extreme temperature cycling for nuclear applications. Comparison of the 

microstructure for the EBM-manufactured SS316L shows similarities with the one reported for 

the one manufactured with laser-based PBF AM methods, but differences are also present. 

Formation of hierarchical structures in EBM-made SS316L sample microstructure is observed 

[27, 29, 32], similarly to the one detected for the samples manufactured by laser-based 

methods. The same time, clearly pronounced hierarchical microstructure is characteristic 

mainly for the last deposited layers of the samples, and it was gradually changing towards the 
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first layers, with the hierarchical microstructure becoming less and less pronounced [27, 32]. 

This microstructure heterogeneity is attributed to the different thermal history of the 

corresponding material layers in the sample kept at the elevated temperature throughout all 

EBM manufacturing process. First deposited layers are subjected to the effective annealing for 

significantly longer time as compared to the last deposited layers. And hierarchical structures 

with the columnar grains, characteristic to the consecutive re-melting of few material layers 

and fast solidification in presence of strong temperature gradients directed along the sample 

from its top towards bottom are gradually ‘erased’ by effective annealing. Simultaneously with 

the disappearance of the hierarchical structures, the grain boundaries become more and more 

pronounced towards the first deposited material layers. Despite the local enrichment of 

molybdenum in cell and grain boundaries, austenite was observed to be a dominating phase 

throughout the entire sample, with less than 0.5% other phases. No difference in microhardness 

has been detected at various sample locations. The strength and ductility of EBM as-

manufactured SS316L was found to decrease at high temperatures, but increased toughness at 

250oC was also recorded [29]. This was attributed to the pinning effects of the sub-grains, 

which strengthen EBM manufactured SS316L while keeping good ductility and toughness. 

The impact of the microstructure homogeneity was specifically addressed in the research by 

Günther et al. [30], stressing the value of isotropic microstructure and high defects tolerance in 

newly designed materials for AM. It was concluded that alloys solidifying into cubic crystal 

structures are commonly affected by strong anisotropy due to the formation of columnar grains 

of preferred orientation. Moreover, processing itself often induces defects and porosity 

detrimentally influencing static and cyclic mechanical properties. Nevertheless, authors 

reported that the EBM processed Cr, Mn and Ni containing metastable austenitic steel was 

extremely damage tolerant under monotonic loading and characterized by low sensitivity to 
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process-induced defects due to the high local strain-hardening and delayed necking triggered 

by the TRIP effect [30].  

A fabrication of austenitic SS316L specimens with 76% increase in the yield strength and a 

corresponding increase of 29% in the ultimate tensile strength comparable to the commercial 

forged SS316L stainless steel by means of EBM was reported by Segura et al. [33]. Thus, PBF-

AM may offer a new way to produce steel-based components with pre-designed microstructure 

providing extraordinary properties. Nevertheless, the challenges of obtaining desirable 

microstructure and density by AM (in particular for large components) still remains as this 

study indicated a presence of numerous pores and their undesirable distribution in sub-surface 

regions in the AM steel [28]. 

Development of new materials and modalities can successfully utilize unique conditions 

characteristic to the PBF AM methods [5, 14, 28]. Most critical for these is uniquely high beam 

energy density reaching 1010-12 W/cm2 for laser-based and even higher for electron beam based 

PBF methods. Local material heating rates can reach 106-7 K/s with just some lower cooling 

rates up to 105-6 K/s, with the melt pool temperatures few thousands K above melting points of 

the majority of metals and alloys. Time window from melting to solidification of the material 

in each particular spatial point of the layer is often down to 10-3 s. So PBF AM methods provide 

unique non-equilibrium metallurgical conditions, allowing speaking of entirely new, non-

stationary metallurgy [4, 14] not only preserving some metastable states in the sample 

microstructure, but also producing non-equilibrium materials like high entropy alloys [13] and 

amorphous or bulk metallic glass materials [25, 37-39].  

Unique conditions of PBF AM methods also appear to be favorable for the manufacturing of 

matrix and composite materials. Few studies were reported on the successful manufacturing of 

metal-ceramic composites: SS316L + tungsten carbide [5] by EBM, tungsten carbide + cobalt 
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by L-PBF [40], Ti6-Al4-V and tungsten carbide by cladding [41], and more complex ones - 

WC/NiBSi by EBM [42], and (TiB + TiC)/Ti by electron beam surface melting [43]. 

So far, most of the research activities in this direction were devoted to the in situ alloying. It 

was performed by PBF AM using blended powders from elemental materials like Mn+Al by 

EBM [11], Al+Cr+Mo+Nb+Ta by EBM [13], SS316L+W by EBM [14], Ti+Al+V by laser-

based AM [44-45], Fe+Cr+Ni by direct energy deposition (DED) [46], Al+Si by L-PBF [47], 

Ti+Nb by L-PBF [48], Ti+Ni by DED, L-PBF and EBM [36], Ti6Al4V+Ti45Al7Nb by EBM 

[49], SS316L with a number of different iron based materials by EBM [14]. Interest for 

utilizing blended materials is continuously growing, forcing the development of special 

hardware [50] or modifications of existing AM machines [14]. Using such novelties 

manufacturing of graded materials (gradually changing composition, structure and 

functionality) becomes possible [5, 14, 44, 46, 50-52].  

Along with this, new pathway for additive manufacturing of composite and matrix materials 

using "composite powders" is starting to rapidly develop. For example it was reported on the 

manufacturing of nanostructured composite WC-Ni by Lima et al. [53], of nanoreinforced Ti 

powders by Fernández-Roiz et al. [54] and reinforced Al powders by Martin et al. [55]. 

Present research was inspired by the desire of using relatively inexpensive widely used iron 

based materials for making something like a Damascus steel [56] combining ductility of the 

component cores with hardness of their periphery. Basing on previous feasibility studies, 

availability of the modified hardware [5] and previous experience with material development 

for EBM in general and iron-based materials in particular [4, 6, 10, 13, 14, 27, 29, 32, 37] EBM 

experiments with powder blends of SS316L steel and two iron based materials commonly used 

for plasma spray coating were performed targeting in situ alloying and matrix material. 

3. Materials and methods 
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Experiments were carried out in the ARCAM A2 machine by ARCAM EBM [57] with the 

modified powder delivery system tailored for smaller powder batches [5]. Used powders were 

acquired from two different sources: stainless steel 316L powders from Carpenter Powder 

Products AB [58]; Colferoloy 103 (CF103) and Colferoloy 139 (CF139) from Wall Colmonoy 

Corporation [59]. Colferoloy is the family of highly alloyed, iron-based hard, corrosion and 

abrasion resistant alloys designed for plasma spray coating [60-62]. Measured compositions of 

the used powders are presented in Table 1. Elemental compositions of used powders coincide 

with manufacturer specifications listed in corresponding datasheets. Powder grain sizes 

distributions of both powders are close the one suggested by ARCAM EBM [57].  

Figure 1 presents typical SEM images of the used powders (SEM CamScan MV2300 with 

BS102 BSE detector by K.E. Development Ltd., Cambridge, UK). All powders have close to 

spherical grains with small amount of satellites, but both Colferoloys have narrower grain size 

distributions, and Colferoloy CF139 has more elongated grains. Hall flowmeter powder flow 

 

 
  (a)    (b)    (c) 

 
Figure 1. SEM images of the used powders: (a) SS316L, (b) Colferoloy CF139, (c) Colferoloy CF103. 

CamScan MV2300 SEM, backscatter detector, magnification x500. 

Table 1. Measured elemental compositions of the used powders  

 C Mn Si Cr Ni Mo P S N B Non-Fe, % Fe, % 

SS316L 0.03 1.5 0.7 17 13.5 2.5 0.045 0.03 0.1 0 35.405 64.595 

CF103 0.6 - - 32 8 - - - - 4.6 40 60 

CF139 0.75 - - 20 - - - - - 5 25 75 
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test values were within the limits recommended by ARCAM EBM. All powder blends were 

prepared manually by shaking and rolling for 45 minutes in a glass container (this can be 

advised for fast screening experiments only). One can refer to the review by Vock et al. [63] 

for a comprehensive discussion on powder-related issues in powder bed AM. 

Three specific compositions were investigated: pure SS316L and two powder blends, 

(SS316L+CF103) and (SS316L+CF139). For these experiments, volumetric fraction ratios of 

the individual powders were used: 4/1 for SS316L/CF103; 4/1 and 4/3 for SS316L/CF139. 

Detailed sample characterization was carried out for 4/1 vol. ratios of the powder blends. 

Prismatic samples with the base 10x10 mm2 and height 15 mm were manufactured with the 

melting beam parameter settings adjusted from the set developed for the EBM manufacturing 

of pure SS316L and layer thickness set to 200 m. As common for the ARCAM EBM, two 

melting strategies are used in each sample, ‘contours’ and ‘hatching’ [19, 64].  

First, the beam melts a periphery of what would be a solid sample by running round the 

circumference, and then by the raster motion melts the inner part. In production, these strategies 

allow for better spatial resolution and improved component surface roughness. In current 

experiments, it was used as an easy mean to apply different melting strategies within a single 

sample. Within each layer two continuous slightly offset contour passes are performed for each 

sample with beam line energy LE~ 1.2 J/mm (estimated averaged beam area energy in the 

contour parts of the samples is AE~ 1.7 J/mm2). Raster ‘snake’ scan in the ‘hatch’ (core) part 

of the samples is carried out with area energy AE~ 5.2 J/mm2. For the LE and AE calculations 

following common expressions were used:  

𝐿𝐸[𝐽/𝑚𝑚] =
𝐵𝑒𝑎𝑚 𝑝𝑜𝑤𝑒𝑟[𝑊]

𝑆𝑐𝑎𝑛 𝑠𝑝𝑒𝑒𝑑 [
𝑚𝑚

𝑠
]⁄     (1) 

𝐴𝐸[𝐽/𝑚𝑚2] =
𝐵𝑒𝑎𝑚 𝑝𝑜𝑤𝑒𝑟[𝑊]

(𝑆𝑐𝑎𝑛 𝑠𝑝𝑒𝑒𝑑 [
𝑚𝑚

𝑠
] ∗ 𝐿𝑖𝑛𝑒 𝑜𝑓𝑓𝑠𝑒𝑡[𝑚𝑚])

⁄  (2) 
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The microstructure investigation was performed on the samples carefully removed from the 

start plate using High-Resolution Scanning Electron microscopy (HR-SEM), and High-

Resolution Transmission Electron microscopy (HR-TEM). The microstructure and element 

concentration of manufactured samples were studied using a scanning electron microscope 

Zeiss Ultra-Plus FEG-SEM equipped with microanalyzer. The SEM microstructure 

investigation has been performed on the polished (not etched) samples cut perpendicular to the 

build direction (z-axis), e.g. following the layer plane. 

For the TEM investigation, disk-shape samples with the average diameter of 3 mm were 

prepared from the printed cubes by subsequent ion polishing and plasma cleaning. The high-

resolution transmission electron microscopy images, high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) images and electron dispersive 

spectroscopy (EDS) maps were acquired using a monochromated and double corrected Titan 

Themis G2 60-300 (FEI / Thermo Fisher) unit operated at 200KeV and equipped with a DualX 

detector (Bruker). The quantitative analysis of the EDS maps was done using the Velox 

software (FEI / Thermo Fisher). 

Samples for the nanoindentation tests were encapsulated in acrylic resin, upper layers of the 

sample were ground down to remove 0.5 mm from the top of the sample parallel to the 

manufacturing layers. Samples were then polished with consecutively finer grit down to3m, 

with a final fine polishing step using colloidal silica slurry for 15 minutes. An EBM- 

manufactured SS316L sample was tested as a reference together with the samples 

manufactured from the blended powders. 

Nanoindentation tests were approached applied accounting for the length scale of 

microstructural features (hierarchical-like microstructure) typical for a cast SS316L, and 

known for the EBM manufactured SS316L sample. Typical SS316L microstructure consists of 

the grains with the sizes up to 50-200 µm and sub grains down to 1-5 µm configuring a cellular-
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like substructure [27-29, 30, 32]. The effect of different length scales on the mechanical 

properties is investigated by using two approaches with regard to the maximum penetration 

depth of the tests (hmax). Nanoindentations at hmax= 2000nm were conducted aiming to 

investigate the overall mechanical behavior of materials (indentation zone affects several 

subgrains). Tests with hmax=200 nm were conducted to investigate the individual behavior of 

subgrains, as well as the contribution of the subgrain boundaries and precipitated phases on the 

overall mechanical properties. Matrices of 4 x 4 indentations were used for the core of the 

samples (away from the sample edges). Separation between indentations was 25 times hmax. 

Tests were carried out in a MTS Nanoindenter XP at a constant strain rate of 0.05 s−1 using a 

Berkovich indenter with its area function calibrated using a fused silica standard sample. The 

continuous stiffness measurement (CSM) modulus was activated so that the load (P), 

penetration (h), and the contact stiffness (S) were continuously recorded. Hardness (H) and 

elastic modulus (E) were evaluated as a function of the penetration depth based on the model 

proposed by Oliver and Pharr [65] and Pharr et al. [66]. 

For characterization of residual imprints after nanoindentation tests at the surface level, and to 

account for the microstructural features of manufactured materials, samples were etched using 

Kroll reagent for 25 minutes, and subsequently imaged both by Optical Microscopy (OM) and 

SEM. In the specific case of SS316L+CF103 sample, and in order to investigate the indentation 

scenario at the subsurface level, a cross-section of a single indentation trace was prepared using 

the Focused Ion Beam (Zeiss Neon 40) coupled to a Field Emission Scanning Electron (FE-

SEM) microscope (Neon 40, Carl Zeiss, Oberkochen, Germany). An imprint performed with 

hmax = 2000 nm was first selected and imaged, and then cross- section was prepared and imaged 

again. In the indentation area, FIB trenches were produced using a Ga+ ion beam directed 

normally to the sample surface with decreasing currents. Final polishing step with a beam of 

50 pA at 30 kV was used to reveal the residual imprint under the indentation and its interaction 

Formatted: Highlight
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with the microstructural features of the material. Finally, a SEM images were acquired. The 

dimensions of the trenched cross-section are 5 x 15 µm, which was enough to cover several 

grains. 

Corrosion tests aimed to investigate the possible decrease of corrosion resistance in the 

CF103/CF139-based printed composites, as the amount of carbon in Colferoloys is more than 

0.6. Determination of corrosion susceptibility for EBM- manufactured SS316L-based samples 

with additives was performed by electrochemical cyclic polarization technique. 

4. Results and discussion 

4.1 Sample Microstructure  

Two different types of the microstructure were observed in the samples: a composite-like one 

at the contours of samples, where two distinct phases can be discerned, and a metastable fine 

microstructure at the core, resembling the typical sub-grain cellular structure found on 

additively manufactured SS316L with well-defined precipitated phase on the cell boundaries 

(see Figure 2). In the backscatter image presented in Figure 2 the composite-like microstructure 

found at the contours of the sample can be clearly observed: brighter, rounded areas are 

SS316L-enriched (almost 100% SS316L), surrounded darker phase is Colferoloy-rich (almost 

100% Colferoloy). SS316L inclusions show the presence of boron and enrichment in chromium 

coming from Colferoloy across the whole volume.  

By changing the melting beam energy depositions strategy one can vary not only the 

microstructure of the additively manufactured components at the grain- and subgrain level [15-

19], but also turn from the composite-like to homogeneous sections within each component 

[14]. 
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Composite-like zones at the periphery of the samples result from the melting with faster beam 

having smaller line and volume energy, as compared to the melting in the core sample parts. It 

is feasible, that with deeper and wider melt- pool at the ‘hatch’ (core) area of the samples, and 

with consecutive re-melting material spends longer time in molten state resulting in almost 

complete homogenization. One can speculate that what we see in two-phase periphery 

(‘contour’) is a result of molten phase solidification, rather than a presence of solid SS316L 

grains in solidifying molten Colferoloy. If so, the result may be due to the difference in the 

surface tension of the two materials and specifics of the diffusion of SS316L into Colferoloy 

at the melt pool temperatures. 

 
          (a)       (b) 
 

Figure 2. Typical SEM image of the sample edge performed using ‘contour’ (bottom of the images) and 

‘hatch’ (top of the images) melting settings. Zone separation is clearly visible near the upper third of the 

images. Samples are made from the powder blends of SS316L and Colferoloy CF139 (a) and Colferoloy 

CF103 (b). CamScan MV2300 SEM, backscatter detector. Samples are cut, polished and etched in Kroll 

reagent. 

Formatted: Highlight
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Figure 3 provides typical EDS mapping of the SS316L +CF Colferoloy 139 samples. Tables 2 

and 3 provide the composition data measured by EDS in representative elements of all three 

zones for SS316L + CFColferoloy 139 and Colferoloy CF103 correspondingly, in comparison 

to the specifications of the used powders. Data analysis indicates, that in the ‘contour’ zone 

composition of round areas corresponds to predominantly SS316L, while the ‘matrix’ 

surrounding them- to Colferoloys. Most clearly, this is illustrated by the content of Cr, Mo, 

Mn, B and Ni in thecae of SS316L+CF139 blend. In the ‘contour’ composite-like area, there 

is certain deflection in the elemental composition of the round and ‘matrix’ zones from the 

composition of corresponding powders. In addition, there is some difference in elemental 

compositions between similar zones in different parts of the composite-like ‘contour’ area. This 

is an indication that certain intermixing of the materials took place. Material composition in 

the core area is rather similar for all parts of the ‘hatch’ area. 

 

  (a)    (b)    (c) 
 
Figure 3. Typical EDS line scans illustrating the composition of the phases in the composite-like zone of the 

SS316L+ Colferoloy CF139 samples. 
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Typical microstructure of the core zone in the EBM as-built SS316+CF103 (4/1vol.) specimens 

is shown in Figure 4, and EBM as-built SS316L+CF139 (4/1vol.) specimens - in Figure 5.  

Table 2. Elemental compositions for three distinct zones in the ‘contour’ and ‘hatch’ zones for SS316L+ 

ColferoloyCF139 samples (measured values are listed together with standard deviation). 

Elements, Wt% C Mn Si Cr Ni Mo B S Fe 

SS316L+CF139, 

composite, round 

6.63  

±0.25 

1.45 

±0.15 

0.55 

±0.05 

17.54 

±0.19 

11.38 

±0.27 
-- -- 

0.75 

±0.06 

61.70 

±0.33 

SS316L+CF139, 

composite, matrix 

9.08 

±0.41 

0.94 

±0.14 

0.81 

±0.05 

20.85 

±0.62 

9.10 

±0.34 

1.59 

±0.15 

7.15 

±2.59 
-- 

50.47 

±1.44 

SS316L+CF139,    

core 

11.06 

±0.46 

1.10 

±0.13 

0.50 

±0.04 

16.17 

±0.48 

9.47 

±0.35 

2.04 

±0.15 

8.87 

±2.54 
-- 

50.78 

±1.45 

SS316L, nominal, 

ASTM A240 

0.03 

max 

 

2.0 

max 

 

0.75 

max 

 

16 to 

18 

 

10 to 

14 

 

2 to 3 

 
-- 

0.03 

max 

 

to 100 

CF139, Supplier 

specifications specs 
0.75 -- -- 20 -- -- 5 -- 74.25 

 

Table 3. Elemental compositions for three distinct zones in the ‘contour’ and ‘hatch’ zones for SS316L+ 

ColferoloyCF103 samples (measured values are listed together with standard deviation). 

Elements, Wt% C O Mn Si Cr Ni Mo B S Fe 

316L+CF103, 

composite, round 
-- -- 

1.32 

±0.14 

0.34 

±0.04 

11.54 

±0.76 

8.09 

±0.56 

1.31 

±0.24 

36.10 

±4.17 

0.00 

±0.08 

41.29 

±2.70 

SS316L+CF103, 

composite, matrix 
-- 

2.91 

±0.18 

0.65 

±0.14 

0.69 

±0.05 

26.13 

±1.00 

5.71 

±0.29 

1.69 

±0.14 

24.13 

±2.84 
-- 

38.11 

±1.45 

SS316L+CF103,    

core 
-- -- 

0.89 

±0.13 

0.45 

±0.05 

14.77 

±0.98 

8.39 

±0.59 

1.12 

±0.26 

29.14 

±4.63 

0.10 

±0.08 

45.14 

±2.96 

 CF103, supply, 

specs 
0.6 -- -- -- 33.75 8.18 -- 4.06 -- -- 

SS316L, nominal, 

ASTM A240 

0.03 

max 

 

-- 
2.0 

max 

 

0.75 

max 

 

16 to 

18 

 

10 to 

14 

 

2 to 3 

 
-- 

0.03 

max 

 

balance 

 

 

Figure 4. SEM images of composite like material EBM-manufactured from SS316L and CF103 powder blend: 

a, b –homogenous microstructure with the main light austenite-based phase and dark grain boundaries; c –higher 

resolution image of the two main phases. 
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According EPMA measurement results, samples manufactured from blended powders  exhibit 

a fine microstructure (Figures 4, 5), similar to the cellular one exhibited by EBM of pure 

SS316L, consisting of austenite-based (lightbright) SS316L-dominated grains and a 

precipitated grain boundary phase (dark) enriched by the elements coming from Colferoloys. 

Morphology of the boundary phase is mainly lamellar. It should be noted that, in general, the 

austenite-based grains are equiaxial with relatively similar grain size of 3 to 10 m. But some 

sample zones contain extremely large (up to 60 m) austenite-based grains as illustrated for 

SS316+CF103 in Figure 4a. The most probable reasons for the existence of such large grains 

are inhomogeneous powders blending and local differences in the grain sizes, and non-uniform 

cooling rate in and around the melt pool. With the powders having relatively wide grain 

distribution, completely homogeneous mixing is hard to achieve, as smaller grains tend to form 

clusters and in some cases are “coating” larger grains. EBM-manufactured samples of 

SS316L+CF139 with 4/3 volume ratio of the initial powders in general exhibit very similar 

microstructure to the one obtained for the 4/1volume ratio samples.  

Microstructure of the zones in the composite-like ‘contour’ area is very similar to the one for 

the core in used powders. Interestingly, the ‘matrix’ at the sample periphery is represented by 

corrosion- and abrasion- resistive hard Colferoloys, with ductile SS316L phase inclusions. The 

 

Figure 5.  SEM (back-scattered) images of composite like material EBM-manufactured from SS316L and 

CF139 4/1 vol. powder blend: a – the homogenous mmicrostructure of with the mmain light austenite-based 

phase (looks as bright) with homogeneously dispersed at grain boundaries Chrome/Boron rich phase (looks as 

dark), with the dark phased grain boundaries; b – higher resolution image of the two main phases. 
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same time, ‘core’ material also has composite-like microstructure, with the larger grains 

surrounded by rather wide grain boundary zones. Thus, additive manufacturing using blends 

of hard and ductile materials together with beam energy deposition steering has a serious 

potential for industrial manufacturing of the components having composite-like and 

homogeneous sections in a single process. For example, one can manufacture components with 

reasonably ductile core and composite-like corrosion- and abrasion-resistive surface areas and 

hard reinforcing elements inside. 

4.2 TEM characterization of SS316L+CF103 samples 

Typical TEM bright field (BF) image microstructure of the near grain boundary zone (triple 

junction) is shown in Figure 6. According to TEM EPMA data analysis the main (light) areas 

correspond to austenitic-base phase inherited from SS316L, while the dark grain boundary 

areas corresponds to Colferoloy-dominated phase. Element content mapping confirms that Fe 

and Ni are found mainly in the austenite phase (SS316L has high Ni content, see Table 1), 

while grain boundary phase is enriched in Cr and B (characteristic to CF103). Mn, O and C are 

homogeneously distributed in both the grains and the grain boundary phase. Some excess 

amount of Mo is observed at the grain boundaries. Presence of the oxygen in the manufactured 

samples can be explained by the powder surface oxidation in storage and handling. 
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Following conclusions about the elements transfer occurring during manufacturing process can 

be formulated: 

 Iron and nickel diffuse out of Colferoloy- dominated grain boundary phase into the 

austenitic matrix. 

 Molybdenum and especially chromium diffuse out of austenitic SS316L-dominated 

phase into Colferoloy- dominated grain boundary phase 

 Boron mainly carried from Colferoloy had not diffused to B-poor volumes of austenite, 

and grain boundary phase consists mainly of Cr-B rich phase.   

4.3 Nanoindentation tests 

Optical image of typical residual imprints of the 4x4 nanoindentation matrices with hmax= 2000 

nm and 200 nm, conducted on the SS316L+CF103 sample core area is presented in Figure 7. 

The matrix of the larger indentations correspond to the tests with hmax= 2000 nm, and the one 

outlined by dotted line- to the tests with hmax= 200 nm. The residual trench left after FIB cross 

sectioning of the indentation at the lower left corner of the image is pointed to by an arrow. 

 

Figure 6.TEM-image and composition maps for the composite like material EBM-manufactured from SS316L 

and CF103 4/1 vol. powder blend 
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Small outlined area at the lower right corner of the image encloses small sized indentations 

performed with hmax= 200 nm. 

It is clear from the image in Figure 7 that the indentations performed at hmax= 2000 nm are large 

enough to involve several grains, including precipitated boundary phases. Therefore, the 

obtained response in terms of mechanical properties may be associated with the behavior of 

the overall structure of the material and can be correlated to the macroscopic properties. The 

corresponding hardness and stiffness values acquired for the two penetration depths on the 

EBM-manufactured: SS316L+CF103, SS316L+CF139 (both from 4/1 vol. ratios in the powder 

blend) and SS316L samples are presented in Table 4. Values are presented as an average from 

16 nanoindentations and standard deviation. 

 

Figure 7. Optical image of the nanoindented and subsequently etched specimen EBM- manufactured from the 

SS316L+CF103 4/1 vol. powder blend. Core area of the sample. Larger indentation imprints are obtained with 

hmax= 2000 nm, smaller (bottom right, outlined area) with hmax= 200 nm. A residual trench of the FIB cross-

sectioned indentation is pointed to by an arrow. 
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Figure 8 presents the dependencies of the hardness (H) values on the penetration depth h 

calculated from the data of the nanoindentation tests with hmax= 2000 nm on the core of the 

EBM-manufactured SS316L and SS316L+Colferoloy 4/1 volume ratio samples. High hardness 

values are observed at small penetration depths, and the values gradually decrease as the 

indenter penetrates deeper into the material towards maximum depth.  

As evident from Figure 8, such trend is especially pronounced for materials obtained from the 

powder blends as compared to SS316L reference material. Such behavior is commonly 

attributed to the so-called indentation size-effect [65], and is assumed to be a consequence of 

Table 4. Average H and E values from 16 indentations measured at the core of EBM-manufactured  SS316L 

and SS316L+Colferoloy  4/1 volume ratio samples with penetration depths of hmax=2000 nm (H2000,E2000) and 

200 nm (H200, E200) together with standard deviations.  

 EBM                  

SS316L + CF103 

EBM          

SS316L + CF139 

EBM    

            SS316L 

(Reference) 

H200(GPa) 6,9 ± 0,7 7,0± 0,4 5,7 ± 0,9 

H2000 (GPa) 4,0 ±  0,1 4,0 ±  0,1 2,9 ± 0,2 

E200 (GPa) 222,4 ± 13,7 199,7 ± 7,1 212,1 ± 11,1 

E2000 (GPa) 142,0 ±  5,7 179,4 ±  5,2 143,1 ± 4,5 

 

 
Figure 8. Dependence of the hardness H values on the nanoindenter penetration depth for indentations with hmax= 

2000 nm. Core of the EBM- manufactured  SS316L+Colferoloy CF103 sample.  
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dislocation nucleation phenomena at low penetration depths, and the interaction of dislocations 

with the grain boundaries in fine-grained materials.  

A slight increase in the microhardness H, as measured at maximum indentation depth, is 

observed at SS316L+Colfereoly samples as compared to pure SS316L (Table 4). Furthermore, 

differences are especially pronounced for the first 1000 nm of penetration depth (Figure 8). It 

can be speculated that the precipitated boundary phases act as an effective barrier for the 

dislocation movement, which partly explain the observed increase in the hardness values. 

Another factor contributing to the observed hardening is the intrinsic harder and stronger nature 

of the boundaries determined by the precipitation of a Boron-enriched phase.  

This becomes clear if the hardness values are associated with particular nanoindentations 

performed with hmax=200 nm (Figure 9). 

 

Difference in residual imprint sizes and measured hardness values between the individual 

indentations falling on the boundaries (CF-rich phase) and inside grains (austenitic SS316L-

 

  (a)       (b) 

Figure 9. Matrix of nanoindentation traces performed with hmax=200 nm on the core of EBM-manufactured 

SS316L+Colferoloy CF103 sample. (a) Hardness values [GPa] are included next to corresponding indentation 

imprints. (b) Plots of the hardness dependence with penetration depth for individual indentations placed inside 

a grain (squares) and at the grain boundary phase (circles). 
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dominated phase) are quite clear from the values given in Figure 9a. Two individual indents 

marked with a square (inside a grain) and circle (at a triple junction of the grain boundary 

phase) present a representative example.  

Interestingly, we have recorded a decrease in measured stiffnessmodulus of elasticity E with 

the penetration depth larger than 100-200 nm. However, one can claim rather low reliability of 

the true E value recovery from the nanoindentation data, such behavior is generally not 

expected for isotropic dense materials. With the hardness measurement, plastic deformation 

fields are confined to a small volume under the indentation. However, in the case of the 

modulus of elasticity stiffness measurements, the elastic fields are significantly larger and the 

measured E value can be affected by factors both intrinsic and extrinsic to the material. In 

present case, observed drop in E value could be partially attributed to three factors: the 

encapsulation of the samples into the resin, which is significantly softer than tested material, 

presence of the residual porosity in the sample, and typical anisotropy of PBF AM materials, 

where the stiffness is commonly lower in build direction due to elongated columnar grain 

growth. It also deserves to be highlighted that at low penetration depths, where the effect of the 

factors mentioned above is minimal, SS316L+CF103 and SS316L+CF139 samples show 

stiffness values similar to the ones for the reference SS316L material. 

Figure 10 presents a high resolution SEM image of the FIB cross-section performed at a 

selected nanoindentation imprint at hmax=2000 nm on the SS316L+CF103 sample (specific 

indentation is pointed to by an arrow in Figure 7). 
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The very fine “polishing” achieved with the FIB technology is nicely revealing the material 

microstructure in the trench cross-section such as a rounded SS316L-based austenitic grains 

(light grey) and the precipitated grain boundary phase (dark grey). Furthermore, an extra 

microstructural feature (white-colored, pointed by arrows in Figure 10) appearing inside the 

grains in a region adjacent to the residual nanoindentation imprint is also revealed. Such 

features are becoming larger in width when moving from a region under one of the corners of 

the indentation towards its center, where maximum penetration is achieved. One can speculate 

that it is a dislocation network produced by the nanoindentations contrasted by the interaction 

of the Ga+ ions with the material during FIB fine polishing. If this explanation is accepted, one 

can further speculate that under the corner of the indentation the dislocation front is contained 

within the grain boundary (pointed by light arrows), and it further propagates inside the 

material towards maximum penetration depth area (pointed by dark arrows). This observation 

is in agreement with the known interaction of dislocations with grain boundary-precipitated 

 

Figure 10. FIB cross-section of a nanoindentation imprint performed with hmax=2000 nm on SS316L+CF103 

sample. 
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phase and its effect on materials hardening observed in this work and reported previously both 

for L-PBF and EBM manufactured SS316L materials. 

4.5 Corrosion Tests 

Significant interest is caused to comparing corrosion properties of the materials manufactured 

using AM and traditional methods. Tests on SS316L additively manufactured with laser- based 

additive methods have confirmed its high corrosion stability, but revealed the anisotropy of 

corrosion properties linked to the corresponding anisotropy of material microstructure [67-71]. 

We have performed preliminary corrosion tests of the as manufactured by EBM SS316L+C103 

and SS316L+C139 samples and compared the results to the ones of EBM-manufactured 

SS316L samples. 

Tables 5 and 6, and Figures 11 and 12 present the results of such comparison. 
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Table 5: Summary of the electrochemical corrosion measurements data 

Ep 

[mV] 

vs SCE 

Eb-Er  

[mV] 

EV [mV] 

vs SCE 

Eb [mV] 

vs SCE 

it 

[mA/cm2] 

Er [mV] 

after 1 hr. 

vs SCE 

 

- 420 650 500 

~1 

+80 SS316L 

- 175 500 250 +75 SS316L+C103 

- 210 50 -40 -250 SS316L+C139 

 
Table 6. Corrosion test conditions 

value parameter 

standard cell for electrochemical measurements  

(Fig. 9) with 1 liter of test solution 

Test Cell 

3% NaCl (DI water) Test Solution 

NO Deaerating 

Room Temp.  Test Temperature 

1 mV/min variation Er equilibrium 

VersaSTAT 3 PotentiostatGalvanostat Potentiostat 

Graphite (X2) Auxiliary Electrodes  

Saturated Calomel Electrode (sat'dKCl) - SCE Reference Electrode 

 
Er – Rest Potential (open circuit condition – 1hrs.) 

It – Threshold Current Density. 

Eb - Breakdown Potential.  

Ev – Vertex Potential 

Ep – Protection potential at which the reverse scan intersects the forward scan.  



28 
 

 

Open Circuit Potential is a thermodynamic factor, which correlates with tendency to general 

corrosion. For SS316L-C139 sample, open circuit potential is much lower than that of other 

samples, so from the perspective of thermodynamics samples made from the powder blends of 

SS316L and Colferoloys should have stronger tendency to general corrosion. Breakdown 

Potential (EB) is the parameter correlating with the resistance to localized corrosion. For 

stainless steels like SS316L localized attack (pitting, crevice, etc.) is a dominant mechanism 

for corrosion. Parts with addition of Colferoloy have higher corrosion susceptibility than pure 

SS316L, with lowest local corrosion resistance for SS316L+C139. Polarization curve for 

SS316L+C139 is located in the graph to the right of other curves (higher current densities by 

approximately one decade) indicating that for this sample corrosion rate (general corrosion) 

will be higher. For all samples, the reverse scan path in the plots does not intersect with forward 

scans indicating that there is no re-passivation of the surfaces after the breakdown. 

Summarizing the preliminary results of corrosion tests one can conclude that there is a slight 

corrosion resistance degradation of the sample SS316L+C103 (containing 0.60% Carbon) in 

comparison to pure SS316L one Manufactured by EBM. Corrosion resistance of the 

SS316L+C139 sample (containing 0.75% Carbon) is becoming significantly lower than that of 

SS316L. It can also be concluded that more thorough corrosion and abrasion resistance tests 

 
Figure 11. Open Circuit Potential (Corrosion Potential) Curves 

 

 
Figure 12. Cyclic Polarization Curves of the tested samples 
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should be conducted to reveal full potential of the SS316L+Colferoloy samples with combined 

composite and uniform microstructure.  

5. Conclusions 

Using powder blends for in situ alloying with powder bed fusion AM manufacturing was 

initially proposed as an approach with the potential of reducing the dependence upon the 

availability of corresponding pre-alloyed powders. Experiments with EBM of powder blends 

of SS316L and Colferoloys 103 and 139 with volumetric blending ratios of 4/1 and 4/3 were 

carried out in ARCAM EBM A2 machine using special setup optimized for the small powder 

batches. Thorough microstructure analysis of the manufactured sample was carried out using 

scanning and transmission electron microscopy, electron dispersive spectroscopy, high-angle 

annular dark-field scanning transmission electron microscopy. Measurements of 

microhardness and elastic modulus were carried out using nanoindentation. Preliminary 

corrosion tests on the samples were also undertaken. It is shown that effective material 

microstructure tailoring by electron beam energy deposition rate control at different 

dimensional scales can be successfully achieved with the blended precursor powders, resulting 

in the components with composite-like and homogeneous sections. It is concluded that 

implementation of blended powder pathway in powder bed AM together with beam energy 

steering allows for an effective sample composition and microstructure control at different 

dimensional scale. Therefore, the implementation of 'blended powder pathway' in powder bed 

AM provides a possibility of manufacturing in single industrial process components with 

unique properties having the composite-like and homogeneous zones and effectively adding a 

"4th dimension" to "3D printing".  

Continuing research will be aiming at further development of the methodology and optimizing 

of the process parameters. Additional research will be performed into thorough investigations 

of the factors influencing the corrosion and abrasion resistance of the composite-like and 
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homogeneous zones in the samples additively manufactured from the powder blends using 

beam energy deposition rate control. 
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