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Abstract 

The advantages of selective laser melting lie in the production of complex, small 

components in small batches. For large-volume components, the use of additive manufacturing 

(AM) processes is limited by the available installation space, low build rates, and high material 

costs. For the production of large and less complex workpieces, conventional manufacturing 

processes such as milling are more economical. The background of this study was to combine both 

processes to decrease manufacturing times. For this purpose, a body made of 316L (1.4404) steel 

powder was printed using selective laser melting on conventionally manufactured stainless-steel 

base bodies. The use of multi-materials enables optimized machinability in the respective 

manufacturing process. This paper examines the hardness properties of multi-material samples and 

uses micrographs to analyze the microstructure of their connection area. A complete connection 

between hybrid components made of comparable materials was determined. 

1. Introduction

Additive manufacturing (AM), an emerging field in manufacturing technologies, features 

the principle of building solid parts directly from 3D-CAD data by the layer-by-layer addition of 

materials, which may be plastic, metal, concrete, or, as expected in the future, human tissue. 

According to Wohler’s Report, 135 manufacturers produced AM systems in 2017 compared to 65 

manufacturers in 2015. Today, established manufacturers are under pressure due to the huge 

number of new machines and unprecedented levels of competition in the additive production 

marketplace. In 2017, the AM segment of worldwide sales are increased by 20.9% to US $7.336 

billion [1]. Powder-bed-fusion-based AM processes use thermal energy to selectively fuse regions 

of a powder bed [2]. This study focuses on the laser melting of metal powders, often also referred 

to as selective laser melting (SLM). Given the current state of the art, low construction rates and 

high material costs limit the economics of the SLM process for large-volume components [3]. In 

this study, the relationship between an additively built volume and a conventionally manufactured 

base body was investigated. The advantages of the SLM process lie in the production of complex 

components in small batches. Due to their high rates of cooling, the components achieve increased 

strength values compared to those of cast components [4]. Conventional manufacturing processes, 

in contrast, are better suited for large quantities and less complex components. By combining 

additive construction using the SLM process with conventionally manufactured base bodies, the 

advantages of both processes can be obtained. In this paper, this combination of processes is 

referred to as a hybrid process. This hybrid process is already being used in industry. For example, 

large components are being produced by fine forging a base body and then using SLM to add 

complex structures. To be able to produce hybrid components for industrial use, multiple factors 

must be considered. The base bodies must have a flat surface of low surface roughness, which is 
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fixed parallel to the powder bed. In the hybrid production of components, the connection between 

the two materials is of particular concern and must be examined in detail. In this regard, a material 

combination must be selected that enables effective hybrid production. Furthermore, the first 

powder layer must be of a defined height to enable process reproducibility. Tensile tests of hybrid 

specimens show that the tensile rods fail not in the material transition but in the weaker area of the 

two materials [5–7]. Furthermore, hybrid samples with different aspect ratios (1:2, 1:1, 2:1) of the 

hybrid samples were examined, which also showed no influence on the tensile strength [8]. Another 

aspect for consideration is surface roughness, which is a decisive factor in many applications. The 

fatigue performance of AM parts is primarily dependent on their surface roughness [9, 10]. To 

meet the requirements of hybrid components, the additive volume must be post processed, e.g., 

grinded, shot-peened, or machined.  

This paper investigates the connection between the base body and the additively applied volume. 

To do so, structural and hardness investigations were conducted in the connection area to identify 

critical factors in the industrial production of components in this area of investigation. 

2. Research methodology

The experiments were conducted using a commercially available SLM system EOS M290 from 

EOS GmbH (Germany), which uses a 400 W Yb fiber laser focused on a 100-μm spot. In all the 

experiments in this study, a gas atomized stainless steel 316L powder with a particle distribution range 

of 11 µm to 54 µm and a d50 of 25 µm was used. The 316L_SurfaceM291 parameter set qualified 

by the machine manufacturer was used for the additive build-up and the layer thickness was set to 

20 μm. The conventionally manufactured base bodies consist of 1.4301 stainless steel. Tables 1 

and 2 list the chemical compositions of the 1.4301 and 1.4404 steel materials. 

Table 1: Chemical composition of the 1.4404 steel material [11] 

Table 2: Chemical composition of the 1.4301 steel material [12] 

The 252 mm × 252 mm × 20-mm substrate plate has a grid of through holes. The base-body 

measures 10 mm × 10 mm × 25 mm and has 13-mm deep M4 threaded holes. The additively built 

body measures 9 mm × 9 mm × 10 mm. 20 base bodies were fixed to the substrate plate with Allen 

screws (Figure 1). 

Element Fe Cr Ni Mo C Mn Cu P S Si N 

Min. 
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Figure 1: Schematic illustration of the hybrid samples on the substrate plate with base bodies of 1.4301 and additive built-

up volumes of 1.4404 

The surface plane of the base bodies is ground to ensure a homogeneous roughness profile and a 

parallel plane between the specimens and the building platform. After the building process, the 

components were cleaned in an ultrasonic bath and the samples embedded with Struers EpoFix and 

EpoFix hardener (ratio 25:3), which then hardened for 15 hours. The surfaces of the hybrid 

specimens to be examined are ground in stages using 180-, 320-, 500-, 1000-, 2500- and 4000-grit 

abrasive paper. In the final polishing process, a surface roughness of Rz 1 µm was achieved. 

Hardness tests were performed with Struers' DuroScan20 semi-automatic hardness testing system 

and Vickers low-load and microhardness tests.The indenter used in Vickers hardness measurement 

consists of a square diamond pyramid with a square base whose sides are inclined 136° to each 

other. Due to the proportionality of the test load to the indentation surface, Vickers hardness values 

are load-dependent. For particularly low loads, however, properties of the material, e.g., its surface 

tension, have an effect on the test load. For this reason, in addition to the microhardness tests, test 

loads with low-load hardness were performed for comparison. 15 HV0.05 measuring points were 

used for microhardness measurement and three measuring points in the connection area for low-

load hardness measurement. The Vickers hardness (HV) values are calculated by (Eq.1), as 

follows: 

𝐻𝑉 =
(0,102 ∗ 𝐹)

𝐴
 = (

2 ∗ sin (68°)

𝑑
) ∗ 0,102 ∗ 𝐹 (Eq.1) 

where F is the test force, A is the area, and d is the mean value of the diagonals. The holding time 

is 7 seconds [13]. To make the structures of the hybrid samples visible, immersion etching was 

performed in a Behara 2 color etching mixture. This is a precipitation estimation in which the cut 

surface reacts with the etchant, whereby the thickness and color of the precipitation layer is 

influenced by the crystal orientation and phase structure of the material. To obtain an overview of 

the structure, an optical microscope LEICA DM6000 was used for the examinations. To analyze 

the heat-affected zone, we used energy dispersive X-ray spectroscopy.With a scanning electron 

microscope from Phenom-World BV 15 measurements were performed at a distance of 100 µm 

from the edge of the hybrid part. The acceleration voltage used was 15 kV.To investigate the heat-

affected zone, a single powder layer was additively built up and examined on additional samples.  

1.4404

1.4301
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3. Results

The macroscopic examination of the hybrid samples revealed no cracks or discoloration 

of the material in the connection area.The surface roughnesses of the two areas were quite 

different, as shown in the inset of Figure 2. 

Figure 2: Produced hybrid samples on the substrate plate 

The investigations with optical and scanning electron microscopes showed neither cracks nor larger 

visible porosities in the connection area of the hybrid samples. This connection is characterized by 

melting traces from the laser radiation. The widths and depths of the melt tracks vary. The area of 

the base body 1.4301 shows strong line-shaped inclusions of manganese sulfide, which formed 

during the production of the raw material. The structure of the additive area is very different from 

that of a conventionally cast structure (Figure 3). 

Figure 3: Micrograph of hybrid sample; macroscopic (left) and microscopic (right) 

In the connection area above the base body, material mixing is evident. This area is followed by a 

heat-affected zone in the base-body area, which shows a typical austenitic structure. The structure 

of the base body shows row-shaped delta-ferrite fractions. Compared to the heat-affected zone, the 

base body has a high proportion of deformation-induced martensite. Viewed from the edge, the 

heat-affected zone increases from 40 µm to 130 µm inside the component. This behavior can also 

be seen in the test series, in which only one layer of powder is melted onto the base body (Figure 

4). 
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Figure 4: Polished (left) and etched (right) sample after exposure of one powder layer 

The results of the microhardness tests show a hardness of 215 ± 3 HV0.05 in the additive range, 

which corresponds to a low load hardness value.  

Figure 5: Vickers hardness measurement HV0.05 of the hybrid sample 

In the area of material mixing, the hardness values gradually increase and at the end of this zone 

they are within the hardness range of the 1.4301 material. Hardness values of 320 ± 8 HV0.05 can 

be seen both in the heat-affected zone and in the conventional area (Figure 5). 
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4. Discussion

The investigations using optical and scanning electron microscopes indicate that a complete 

connection of the two materials was achieved, since no cracks and only a very small degree of 

porosity are evident. This confirms the results of previous tests on tensile specimens [8]. The 

different widths and depths of the melt tracks are due to the different orientations of the exposure 

scan vectors, which differ for each layer. 

The difference in the microstructures of the additive and conventionally produced volumes is due 

to the layered structure. Due to the laser exposure it can be assumed that the microstructure is 

oriented in the direction of the highest temperature gradient. [14]. The layered exposures remelt 

the solidified material and, depending on the orientation of the scan vector, lead to an uneven 

orientation of the melt traces. 

The material mixing in the connection area can be explained by the dynamics of the melt pool. 

During the exposure of the first powder layer, the base body absorbs part of the laser radiation, 

melting it and releasing components of the 1.4301 material. Due to the dynamic of the melt pool, 

the melt of the build-up body mixes with those of the base body [15]. The optical microscopic 

investigations suggest that with each new exposure the alloy components of the underlying layer 

mix with the top layer and are carried upwards. The degree of this material mixing is reduced with 

each new layer of material applied. 

In the base body, microstructural changes in the connection area and heat-affected zone are evident. 

Since deposits of deformation-induced martensite form in the untreated state of the 1.4301 base 

material, the heat-affected zone can be identified by the area free of deformation-induced 

martensite, which is converted to austenite by the temperature effect of the build-up 

process.Compared to multi-layer exposure, the depth of the heat-affected zone is significantly 

lower with a single melted layer due to the lower heat input. The increased hardness in the 

connection area can be explained by the mixing of the two materials, wherein an inhomogeneous 

material distribution occurs [7]. Despite the changed microstructure, the lack of deformation-

induced martensite does not affect the hardness of the heat-affected zone. It can be assumed that 

precipitation hardening leads to a compensation hardness in this area. Thus, laser processing results 

in changed hardness values only in the area of material mixing. 

5. Summary and outlook

In this work, the connection of hybrid components using different materials was investigated. 

1.4404 steel material was used for the additively manufactured body and 1.4301 steel for the 

conventionally manufactured base body. The samples were examined by optical microscopy, 

scanning electron microscopy and hardness measurement. The following conclusions can be drawn 

from the results: 

- A complete connection was made between hybrid components of comparable materials.

No cracks or relevant pores were found.

- The connection area of the hybrid samples can be divided into the four zones: purely

additive, material mixing, heat-affected, and conventional areas. The material mixing

occurs in response to the dynamics of the melt pool.
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During the design and execution of the tests it was determined that both materials must be 

compatible in order to ensure a crack and pore-free connection. Furthermore, the connecting 

surface on the base body must have low roughness and be parallel with the coating plane. In 

addition, exact positioning on the base plate and a strictly defined height of the first powder layer 

are required. Future research will focus on which material combinations prove most effective in 

the production of hybrid samples. Notched bar impact tests should be conducted to enable greater 

understanding of the mechanical behavior of hybrid components. 
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