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Additive manufacturing is considered to be a very promising technology when it comes to the manufacture of metal products
of a complex shape for various applications, since it provides designs with improved mechanical properties. Another advantage
of modern solutions for additive manufacturing is that they help manufacturers to control the in-process structure formation
of final products. Of special interest is the feasibility of simultaneously creating local regions with preferred microstructures
and properties. This paper discusses the effect of the process parameters of selective laser melting (SLM) on the structure and
properties of Inconel 718 specimens. The results of uniaxial tension experiments on homogeneous specimens, as well as on
structurally graded specimens with equiaxed fine grains and elongated coarse grains, are presented. The authors also proposed
a finite-element approach to modeling of mechanical properties. The input data include experimental data describing tensile
specimens manufactured using two different process regimes of SLM to obtain different types of microstructure (equiaxed
fine-grained and coarse columnar-grained), as well as experimental data on tensile tests of the composite specimen. The
proposed approach defines the spatial distribution of material properties in homogeneous and structurally graded specimens.
This paper presents the results of modeling based on the proposed approach for the inelastic behavior of structurally graded
specimens as compared to the experimental data.
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AnmuTNBHOE TPOM3BOACTBO SABJIAETCSA IEPCIEeKTUBHON OTPACbio, IMO3BOJIAIOIIEN CO3/1aBaThb KOHCTPYKLMM CIIOXKHOM
dopMBI ¢ yIydIIeHHBIMM MeXaHUYeCKVMMY XapaKTepUCTMKaMU. Elle OfHMM IperMylecTBOM affMUTUBHBIX TEXHOJIO-
TUl ABNIAETCA yIpaBeHNMe CTPYKTypooOpasoBaHMeM B M3flenMAX B mHpoljecce mpousBopicTBa. OcoOblif MHTepec Ipef-
CTaB/IA€T BO3MOXKHOCTb OJHOBPEMEHHOTO CO3MIaHNMA B M3[eNMM JIOKaJIbHBIX YYaCTKOB C 3alaHHBIMM MUKPOCTPYK-
Typoil M cBoiicTBaMu. B faHHOM paboTe NpOBENEHO WCCTENOBaHNe, B pe3yabTaTe KOTOPOTO OIPEfie/ieHO BIUAHME
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TEXHOIOIMYECKMX IIapaMeTpOB Ipoliecca celleKTMBHOro asepHoro IwmasneHus (CJIII) ma cTpyKTypy M cBOJCTBa 00-
Pas1oB, BBIIIOIHEHHBIX 13 cIvaBa Inconel 718. B pabore mpuBeneHbl pe3y/nbTaTsl 9KCIEPUMEHTOB 110 OFHOOCHOMY pac-
TSDKEHUIO OXHOPOJHBIX 00ODAsIioB, a TakXKe 0Opa3LOB C II€PeMEeHHO CTPYKTYpOil, B KOTOPBIX IIPUCYTCTBYIOT 06macTu
C METIKOAVICIIEPCHBIMI PABHOOCHBIMY 3€pHAMI ¥ KPYIHBIMI BBITAHYTBIMM 3€pHaMIU. Takoke aBTOpaMM IIpeNjIoKeH II0f-
X0l K UNMCT€HHOMY MOZE/IVMPOBAHMIO MEXaHNYECKNX XapaKTepPMCTUK, OCHOBAHHBIM HAa METONE KOHEYHBIX 3/1eMEHTOB.
B kadecTBe VICXONHBIX NAHHBIX VICIOJIB30BAHBI 9KCIICPYMEHTA/IbHbIe NaHHbIe, KOTOpble ObUIM IIOJYYeHBl B pe3y/lbTa-
Te 9KCIEPVMEHTa 10 PACTSDKEHNI0 00OpasIioB, M3TOTOBIEHHBIX IIPM ABYX PA3/MYHBIX TeXHOMOrMueckux pexnmax CJIII,
($OpMMPYIOLIX PA3HBII TUII MUKPOCTPYKTYPBI (PaBHOOCHYIO MEIKOVCIICPCHYIO M KPYITHO3E€PEHHYIO CTONIOYaTyI0 HallpaB-
JICHHYI0 MUKPOCTPYKTYPY, COOTBETCTBEHHO), a TaK)Ke 9KCIIepYMEeHTa/IbHble JaHHbIe II0 PacTsDKEHMIO COCTaBHOTO 00pasIia.
I[Tpenyio>xeHHBII ITOAXOJ, ITO3BOIAET 3aaTh IPOCTPAHCTBEHHOE pacIlIpefie/ieHye CBOVICTB MaTeplaa B OGHOPOIHBIX 00pas-
Ijax ¥ obpasiax ¢ IepeMeHHON CTPYKTypoil. [IpuBeneHsl pe3ynbTaThl MOLIMMPOBaHNA HEYIPYTOro HOBefeHNs 00pasLoB
C IepeMeHHOII CTPYKTYPOIi, IOTyIeHHbIe B pe3y/IbTaTe IPMMEHEeH JaHHOTO IIOfIX0/a, U IIPOM3BENeHO CPABHEHNE C 9KCIIe-
PYIMEHTATbHBIMY IaHHBIMIL.

KiroueBbie c/ioBa: aiinTUBHbIC TEXHOMOTYH, PYyHKIMOHATbHO-TpafueHTHbI Matepuarn (PI'M), MeTos KOHEeUHbIX /IeMeHTOB, Inconel 718.

1. Introduction using FEM for specific applications requires solving a large

number of direct issues. The main issue of using FEM for

Additive technology is considered to be one of the most FGM modeling is associated with consideration of spatially
promising ways of manufacturing metal parts [1,3]. The varying material properties in the model. The simplest
selective laser melting (SLM) technology is already in active =~ way to model the inhomogeneity of a graded material is to
use for metal production, ensuring the manufacture of parts assign various material properties to successive layers of a
with precise geometry. The resulting design is adjusted finite element mesh. Such models were used by a number of
for operating loads and is characterized by a minimum researchers, for example, in [14-15]. However, this approach
weight. The latter is especially relevant for such industries as  requires a fine mesh to achieve appropriate accuracy, which
aerospace and medicine [4-7]. The aircraft industry, where results in costly calculations, especially when it comes to the
titanium and nickel alloys are widely used, imposes specific ~ real parts of complex geometry. Further, preprocessing and

requirements to the weight of products [4]. mesh adaption for different graded regions is quite a time-
Traditionally, Inconel 718 alloy is used to manufacture consuming process.
gas turbine components, parts of aerospace vehicles, Therefore, the purpose of this paper is to determine the

petrochemical and nuclear structures by forging, rolling stress-strain behavior and mechanical properties of specimens
and casting, due to its heat resistance, corrosion resistance with a graded-structure and to develop a FEM approach to
and high-temperature properties [7,8]. However, modern the numerical modeling of the mechanical properties of FGM
industry requires complex-shape products with high for the qualitative and quantitative predictive analysis of
precision and improved mechanical properties, which are complex composites based on the behavior of the constituent

often impossible to achieve using traditional techniques. materials.
The authors conducted a series of analyses of
Inconel 718 produced by SLM, including the analysis 2. Methods and materials

of the properties of the initial powder material, the
microstructure and the properties of compact specimens Compact tension specimens were made on the SLM280HL
[9], as well as the effect of the thickness of the powder layer selective laser melting machine manufactured by SLM
on the microstructural and mechanical properties of the Solutions GmbH. The initial material is a heat-resistant
alloy [10]. Based on the determined material behavior, the nickel-based alloy Inconel 718 in the form of a gas-atomized
concept of microstructure control for obtaining equiaxed powder.
fine-grained and elongated coarse-grained regions was Analysis of the microstructural morphology and texture
formulated [11]. However, the behavior of graded- of the compact tension specimens using the electron
structure parts in the finished product is still to be studied backscatter diffraction (EBSD) method was performed in a
using new approaches and techniques of modeling and TESCAN Mira 3 LMU scanning electron microscope (SEM),
analysis. Today, the design of parts, solutions and materials operating at a magnification of 4 -106, an accelerating voltage
can hardly be developed without numerical modeling. of 200V-30 kV. The EBSD analysis was performed at an
The development of new production techniques also requires  accelerating voltage of 20 kV with 5 um increments.
new methods of engineering analysis. When adopting Mechanical properties were measured in accordance
new approaches, it is critical to have a predictive modeling with ISO 6892-1 on a Zwick/Roell Z100 testing machine
tool for the qualitative and quantitative description of the (Germany) with a maximum testing force of 99640 N.
technology and processes that are being developed. ANSYS 19, the software for the finite element analysis
Variousapproaches of the finite element method (FEM)are  is used to perform the numerical analysis. Modeling was
often used to analyze structures made of functionally graded made using the CAD program module ANSYS SpaceClaim.
materials (FGM) [11-13]. FGM structural optimization A finite element mesh was generated using ANSYS Meshing.
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The setup, solution and post-processing of the problem were
performed using ANSYS Mechanical.

The input data are the results of the experiments [1] —
the dependence of the strength in the specimen on the
elongation. The material model is a bilinear isotropic
hardening elastoplastic model. Constants required for this
model are Young’s modulus E, Poisson’s ratio y, yield strength
0, tangent modulus E,.

To solve the problem using the finite element method,
the equation is solved as follows: [K]{u} ={F}, where [K] — is
the global stiffness matrix, {u} — is the nodal displacement
vector, {F} — is the external force vector.

As we consider the post-yield behavior of the specimens
and apply a nonlinear elastoplastic material model, we use
the Newton-Raphson method for numerical solution at each
step [17]. This method is an iterative process for solving a
system of nonlinear equations.

The finite element model is shown in Fig. 1. The size of
a final element in the model is assumed equal to 0.5 mm,
the number of nodes is 13265. The type of the finite element
used is SOLID186 (3D, 20-node). One end of the specimen is
rigidly fixed, while a displacement is applied to the other end.

The input data are experimental [1], describing tensile
specimens manufactured using two different regimes of the
SLM process to obtain different types of microstructure,
hereinafter referred to as A and B: equated fine-grained
and coarse columnar-grained microstructure, respectively
(for more details on the manufacturing conditions and the
microstructure analysis refer to [1]). We also considered the
experimental data on the tension of a composite made of the
two materials: the main matrix of material A and two inserts
of material B (5 specimens), hereinafter referred to as A+B

(Fig. 2).

Fig. 1. Finite element model of the specimen.
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Fig. 2. Specimens A, B, A+B.
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3. Results and discussion

Due to the rapid solidification in the SLM process
(104-106 K/s), the initial microstructure has a cellular-
dendritic morphology. The rate of solidification and,
consequently, the cell size depend on the layer thickness and
process parameters used in SLM.

Measurements showed that the average cell size in
specimen A is 0.9-1.1 um, and in specimen B it is 1.3 -2 pm.
Other microstructural differences at different layer
thicknesses are shown in Fig. 3 demonstrating the ESBD
texture characterization.

The microstructure of specimen A has fine grains without
preferred orientation, while the microstructure of specimen
B has coarse elongated columnar grains with preferred
orientation <001>.

Microstructural differences also have effects on strength
properties. Specimens for tensile testing were manufactured
in accordance with ISO 6892-1. The yield strength, ultimate
tensile strength and elongation of the specimens treated
vs not treated by hot isostatic pressing (HIP) (as shown in
Table 1) were determined from the results of tensile testing.

For numerical modeling of the tensile specimens, the
mechanical properties of homogeneous materials obtained
from experimental data were set in the model.

The study was divided into stages. At the first stage, the
average mechanical properties of homogeneous materials
A and B were used (the average experimental curves for
materials A and B are shown in Fig. 4).

Considering thata number of experiments were conducted
for each homogeneous material and that the specimens have
different properties, calibration calculations were required to
adapt the model of the bilinear elastoplastic material. During
adaption, the tangent modulus of the material was chosen
according to the experimental data so that the discrepancy
was no more than 10%.

The mechanical properties of the materials obtained
from the calibration of homogeneous specimens are given in
Table 2. A comparison of the modeling results with the average
experimental curves is shown in Fig. S1,S2 (Supplementary
Material).

The deviations determined from the modeling of a
homogeneous composite were as follows: the modulus of
elasticity =9%, the yield strength =2% and the ultimate
tensile strength =7%.

As the mechanical properties of graded materials are not
spatially homogeneous, the second stage of the modeling
involved the analysis of lengthwise varying material
properties. To set the varying mechanical properties, we
introduced a parameter, the random variation of which
determines the lengthwise variation of mechanical properties
from the average values (Table 3).The lengthwise property
variation in the specified ranges was no more than +5%,
which corresponds to the deviation of the experimental data
from the average values (Fig. S3, Supplementary Material).

For each of the specimens (A, B), five random property
distributions were generated and numerically modeled.

Following a series of analyses, we obtained five stress-
strain curves for each specimen (A, B), as well as average
model-predicted curves (Fig. $4,S5, Supplementary Material).
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Fig.3.(Color online) EBSD analysis of the specimens manufactured by SLM: crystallographic orientation map for specimen A (a); crystallographic
orientation map for specimen B (b); index map (c) for figures (a) and (b). The growth direction in the specimens is indicated by the arrow.

Table 1. The results of tensile testing of specimens of Inconel 718 alloy manufactured by SLM.

Type of specimen Yield strength o, ,, MPa Ultimate strength o, MPa Percent elongation 8, %
SLM
A 650%11 845+9 28+4
543+2 782+6 31+6
SLM + HIP
A 645+6 1025+14 38+1
B 481+11 788 +12 34+3

Table 2. The average mechanical properties of materials A and B in the mathematical model.

Material

Young’s Modulus E, GPa

Poisson’s Ratio p

Yield strength o

MPa | Tangent Modulus E, MPa

A

71.5

0.3

645

2550

B

67.4

0.3

477

2200

In addition to the homogeneous specimens, we
manufactured graded-structure specimens of the main
material A and two inserts of the material B (Fig. 2). They
were also subjected to tensile testing to determine their
mechanical properties.

For comparison with the modeling results, we used
the average experimental curve obtained from a series of
experiments on the composite (Fig. 5).

During the experiment, we measured the strain fields
of the specimen at different stages of elongation (Fig. S6,
Supplementary Material). Comparison of modeling results
for specimen A+B, made of homogeneous materials
and materials with varying properties, with the average
experimental curve is shown in Fig. 6.

For the composite with a random variation of mechanical
properties in the range of +5% of the average values, the
deviations were as follows: the modulus of elasticity =~ 6%, the
yield strength =~ 4% and the ultimate tensile strength = 5%.
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Fig. 4. The average experimental curves for specimens A and B.
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Table 3. Mechanical properties of graded materials A and B in the mathematical model.

Material Young’s Modulus E, GPa Poisson’s Ratio t Yield strength o, MPa | Tangent Modulus, MPa
A max 75 0.3 677 2650
A min 68 0.3 612 2550
B max 72 0.3 500 2300
B min 62 0.3 453 2200
6000 average value, the deviations were as follows: the modulus
of elasticity =6%, the yield strength ~4% and the ultimate
T tensile strength = 5%.
4500 T . . . .
I The bilinear elastoplastic model, however, is unpractical
=2 T when it comes to measuring the tensile set.
<. - . . e
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Fig. 5. (Color online) The average experimental curve for
specimens A +B.
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Fig. 6. (Color online) Comparison of the modeling results with the
average experimental curve for specimens A +B.

4. Conclusions

This paper shows the development of a numerical approach
to the modeling of tensile specimens manufactured from
a functionally graded material. Specimens with various
mechanical properties were modeled. The deviations
obtained in the modeling of a homogeneous composite were
as follows: the modulus of elasticity = 9%, the yield strength
=2% and the ultimate tensile strength =7%.

According to the modeling results, where a lengthwise
random variation of mechanical properties is considered, the
simplified results of numerical modeling correlate well with
the experimental results. For the composite with a random
variation of mechanical properties in the range of + 5% of the
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