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Abstract- Experimental program Development of high-temperature heat exchangers using advanced manufacturing 
technologies, mechanical design and materials was focused on the production of micro-heat exchangers by means of additive 
manufacturing (AM). The investigated components were processed from Inconel 718, manufactured by Selective Laser 
Melting (SLM) and Direct Metal Laser Sintering (DMLS) powder bed based AM technology. Additive manufacturing gives 
liberty in the design of the projected components. Metallographic characteristics with micro-tensile tests (M-TT)were the main 
objectives of the research. 
 
Index Terms- Additive manufacturing, heat exchangers, Inconel 718, Micro - tensile tests.  
 
I. INTRODUCTION 
 
The additive manufacturing processwas found to be  
a breakthrough technology, not only for the design 
phase or prototype development.AM process builds 
complex, solid metal parts by melting metal powder 
using a focused electron beam. Additive 
Manufacturing process considerably reduces the 
manufacturing time needed to produce components 
from months to weeks Error! Reference source not 
found..  
 
Materials produced by AM exhibit some peculiarities 
in comparison to standardly used semi-products. AM 
products exhibit strong properties dependence on the 
process parameters, e.g. position within the depositing 
chamber, building orientation, building direction, 
component volume and so on. Therefore it is crucial to 
be able to measure local properties, which is for most 
cases impossible with the use of standard sized 
specimens. In many cases, it is not possible to 
determine properties with standard sized specimens as 
the component is smaller than standard specimens. 
Mini-specimen methods were developed especially for 
residual service life assessmentError! Reference 
source not found., Error! Reference source not 
found.. 
Selective Laser Melting (SLM) and Direct Metal 
Laser Sintering (DMLS) are powder bed based 
AMtechniques to produce complex parts.A layer of 
powder is spread on top of the base plate and is 
subsequently melted by a laser beam. The laser scans 
the powder bed according to the shape defined in a 
CAD file Error! Reference source not found..After 
each layer has been scanned, the powder bed is 
lowered by the defined layer thickness and a new layer 
of powder is dropped and levelled after laser radiation 
in one layer is completed. 
The process repeats until the part is completely built. 
The built chamber is protected by the flow of inert gas 
(argon, nitrogen) during processing to prevent 
oxidation, which would be detrimental to the powder 
quality. Because the gas flow also helps to remove the  

 
condensate that is produced by melting the powder, 
homogeneous gas flow across the build area plays an 
important role in the quality and properties of 
AM-processed parts Error! Reference source not 
found..From a material perspective, specific CoCr, 
stainless steel, tool steel, titanium, aluminium, and 
nickel alloys are now commercially availableError! 
Reference source not found..The microstructure of 
additively manufactured alloys is significantly 
different from that of conventionally processed alloys 
because of the fast and directional cooling achieved 
during the additive manufacturing processing. The 
additive manufacturing process is schematically 
illustrated in  

 
Fig. 1. During powder-bed processes, the short interaction of the 
powder bed and the heat source (due to the high scanningspeed of 

the laser beam) leads to rapid heating and melting followed by rapid 
solidification. Theresultant heat transfer and fluid flow affect the 

size and shape of the meltpool, the cooling rate, and the 
transformation reactions in the melt pool and heat-affected zone ( 
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Fig. 2) Error! Reference source not found. - Error! Reference 

source not found.. 

 
Fig. 1 Schematic illustration of the laser-based powder bed 

fusion process Error! Reference source not found.. 
 

 
Fig. 2 A schematic view of the laser – material interactions 

leading to different zones, flow of the melt and 

evaporationError! Reference source not found.. 
 
II. ADDITIVELY MANUFACTURED INCONEL 
718 
 
The investigated componentswere made from Inconel 
718, manufactured by Selective Laser Melting (SLM) 
and Direct Metal Laser Sintering (DMLS) powder bed 
based AM technology. Inconel 718 is a 
precipitation-hardening nickel-chromium alloy 
characterized by good tensile, fatigue, creep and 
rupture strength at temperatures up to 700 °C. This 
material is ideal for many high-temperature 
applications such as gas turbine parts, instrumentation 

parts, power and process industry parts Error! 
Reference source not found..  
The documentation of the SLM micro - heat exchanger 
is captured in  

 
Fig. 3. As the first attempts to produce micro – heat 

exchanger did not meet surface quality requirements; 
DMLS method was involved to produce another heat 
exchanger (

 
Fig. 4) (that will be mounted in the loop for further 

testing with cooling media - He) together with the test 
specimen for metallographic and M-TT analyses  

(  
Fig. 5).  
The Z axis represents the printing direction. In order to 
assess local properties variation across the component 
investigated, two / three sampling orientations were 
chosen. Specimens were machined from locations 
depicted in  

 
Fig. 3 (b) and 
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Fig. 5(b) by means of electro-discharge machining. 
Two conditions, i.e. the as-built and heat-treated 
condition were analysed and three specimens per 
condition were tested for all considered cases.  

 
Fig. 3 (a) SLM –micro-heat exchanger test specimen,  

(b) sampling locations. 

 
Fig. 4 Heat exchanger made by DMLS. 

 
Fig. 5(a) DMLS - micro-heat exchanger test specimen,  

(b) sampling locations. 
 
III. MICRO-TENSILE TESTS 
 
Micro - tensiletesting procedure (M-TT) was 
developed in COMTES FHT based on the demand to 
measure reliably the material characteristics by the 
tensile tests from  
the minimum amount of the experimental material. 
The geometry of the test bodies is given in Fig. 6. The 
basis of the test is established on the standard ISO 
6892-1. However, as these standards do not consider 
the testing of miniature bodies, the procedure with the 
internal regulation has been developed and accredited. 
The M-TT has proved to be effective in earlier 
studiesError! Reference source not found., Error! 
Reference source not found. andError! Reference 
source not found. - Error! Reference source not 
found.and the values of mechanical properties are 
fully comparable with the results of standard tensile 
tests. The tests were performed on a special 
LabControl test facility with a capacity of 5kN. The 
array of the applied points serves to measure the 
deformation by the Digital Image Correlation system 
(DIC), which provides a very accurate measurement of 
the deformation. 
 
A. M-TT results 
Tensile tests of the miniaturized test specimens in the  

0°, 45° and 90° directions relative to the printing 
direction were performed. Summarized values of the 
tensile test stress-strain characteristics (yield stress 
YS, tensile strength UTS, uniform elongation ELU, 
elongation EL and reduction of area RA) are given in 
Table I (SLM material) and Table II(DMLS material).  
Yield strength and tensile strength reached higher 
values in the 0 ° direction. After the heat treatment of 
SLM material, the values of the yield strength and 
tensile strength decreased in both directions of testing, 
whereas the elongation and reduction of the area of the 
analysed materials increased.Individual results show 
scattering, which may be consistent with the 
manufacturing method of the test bodies by additive 
manufacturing. 

 
There are shown examples of as-built SLM 

material’s fracture surface in the direction of 0 ° (

 
Fig.7). For all samples, a transgranular ductile fracture with 

typical dimple morphology was observed. The red arrow in 
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Fig.7b marked a location with the presence of pores. 

 
Fig. 6 M-TT specimen geometry. 

 

 
Fig.7 (a) SLM sample’s fracture surface 0°_As-built,  

(b) presence of pores. 
 

Table.I SLM material’s tensile test results. 

 
Table.II DMLS material’s tensile test results. 

 
 
IV. METALLOGRAPHY 
 
Samples intended for metallographic analysis by light 
microscopy were cut according to the individual 
directions in relation to the direction of printing. That 
enabled the 3D microstructural view. The analysed 
sections in the individual observed planes underwent 
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standard metallographic preparation, which involved 
grinding and subsequent polishing of AM 
manufactured components. Microstructures were 
revealed with Glyceregia agent and observed by light 
and scanning electron microscopy (SEM).  
 
A. Scanning electron microscopy 

The state of the SLM exchanger’s surface (As-built 
state) is captured in 

 
Fig. 8, the individual layers applied during the additive 
production are apparent. As can be seen from the 
photo documentation, the surface of the material has 
not been treated (e.g. by blasting) since there are 
adhered powder particles, which have not been melted 
by the laser during the additive manufacturing.  

 
 

The surface of the exchanger channels in the 
horizontal direction was considerably rugged at the 
lower edges as  
the gravity caused partially melted powder particles to 

fall off the edges.SLM process suffers from melt pool 
instabilities leading to imperfections such as 
low-quality down-facing surfacesError! Reference 
source not found.. The effect of the blasting after the 
additive production of the DMLS component’s surface 

 
Fig. 9) was evident and the exchanger channels’quality 
in the horizontal direction was achieved in higher 
qualitycompared to the SLM sample. 

 
Fig. 8SLM Sample surface analysis by electron microscopy. 
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Fig. 9 DMLS sample’s surface analysis by SEM. 

B. Light microscopy 
3D microscopic images in 

 
Fig.10document the Inconel 718 microstructure. The 

Z axis represents the direction of the printing. XY 
plane is a cross-section perpendicular to the direction 
of printing. The XZ and YZ planes show typical lines 
indicating the melt pools morphology (the "melt 
pools"), whose size and shape is more or less regular. 
The grains exceeded the thickness of several layers. 
This type of microstructure, which is similar to the 
directed solidification of the microstructure, is the 
result of epitaxial and dendritic grain growth in a 
direction identical to the direction of the heat flow. 
Detailed metallographic analyses showed gamma()  

matrix by both cases (

 
Fig.11). The morphology of the melt pools was 
suppressed by heat treatment. The individual "melt 
pools" were no longer so distinctive. A detailed 
analysis of the heat treated SLM microstructure 
proved the precipitation of the carbide phase across the 
grain boundaries. Presence of pores was observed in 
the additively manufactured material. 
  

 
Fig.10Microstructure of the material in 3D view – (a) heat 

treated SLM material, (b) DMLS material. 
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Fig.11 Heat treated microstructure XZ – direction 

(a) SLM, (b) DMLS. 
 
CONCLUSION 
 
Micro-heat exchangers manufactured by Selective 
Laser Melting (SLM) and Direct Metal Laser 
Sintering (DMLS) powder bed based AM 
technologies were analysed.  
The investigated components wereproduced from 
Inconel 718.The study provided a detailed 
investigation of microstructure and local properties 
measurement with the use of M-TT technique. 
Material produced by the SLM method had more than 
half the mechanical properties compared to the DMLS 
produced material.  
The presence of pore sites detected on the SLM 
fracture surfaces of the test bodies may be the cause of 
such low values of mechanical properties. Adhering 
powder particles on the surface of the SLM micro – 
heat exchanger were observed by the electron 
microscopy. The surface of the exchanger’s channels 
in the horizontal direction was considerably rugged at 
the lower edges as the gravity caused the melted 
powder particles to fall off the edges. It is, therefore, 
necessary to consider whether the release of these 
particles due to medium flow in the heat exchanger 
would not occur in operation.  

The surface of the DMLS micro- heat exchanger 
channels was produced in a higher quality compared to 
the SLM part.DMLS material met the minimum 
values  
of mechanical properties guaranteed by the powder 
manufactureralso in terms of mechanical properties. 
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