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candidate for sea-water applications, for example, moor-
ing cables, propeller blades, auxiliary propulsion motors 
[2]. Inconel 718 is more known for its high-temperature 
strength, corrosion resistance and weldability, derived 
from precipitation hardening by γ’’ (Ni3Nb) phases, and 
therefore, makes it excellent choice for industrial parts like 
components of liquid fuelled rockets, sheet metal parts for 
aircrafts or components of land-based gas turbine engines 
[2]. Recent advances in metal additive manufacturing have 
enabled the fabrication of complex Inconel components 
with reduced material waste and shorter production cycles. 
Additive manufacturing (AM) of Inconel 625 and Inconel 
718 includes different technologies such as Laser Powder 
Bed Fusion (LPBF), Directed Energy Deposition (DED), 
Selective Laser Melting (SLM), and Laser Deposition Melt-
ing (LDM) [3–5]. Among these, the Laser Engineered Net 
Shaping (LENS) process, a variant of DED, allows precise 
control over process parameters to fabricate near-net-shape 
metallic components [6]. Unlike powder bed fusion tech-
niques, LENS is characterized by larger melt pools, lower 
cooling rates, and pronounced thermal gradients along the 
build direction, which promote columnar grain growth, 
crystallographic texture, and residual stress development. 
These process-specific microstructural features are known to 
introduce mechanical anisotropy and tension–compression 

1  Introduction

Inconel alloys are extensively utilized across various 
industrial sectors due to the excellent combination of high-
temperature mechanical properties, corrosion resistance, 
fatigue resistance and weldability [1]. Among these, Inco-
nel 625 and Inconel 718 are two of the most widely used 
nickel-based superalloys for demanding structural appli-
cations. Inconel 625 is recognized for its outstanding cor-
rosion resistance and maintains high mechanical strength 
up to approximately 982°C. Its strengthening primarily 
arises from solid-solution hardening by molybdenum and 
niobium in nickel-chromium matrix, which makes it great 
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Abstract
In this study, tubular specimens of Inconel 625 and Inconel 718 were additively manufactured using the Laser Engineered 
Net Shaping (LENS) technique. Their initial yield surfaces were experimentally determined under biaxial stress loading 
at 0.005% and 0.01% plastic offset strain. Uniaxial tensile tests showed yield strengths of 509 MPa and 461 MPa, with 
Young’s moduli of 180 GPa and 171 GPa for Inconel 625 and Inconel 718, respectively. Yield surfaces, fitted using the 
Szczepiński anisotropic criterion, revealed elliptical shapes with axis ratios below 1.73, confirming moderate anisotropy. 
Inconel 625 exhibited nearly symmetric yield strengths in tension and compression, with a higher tensile-direction elonga-
tion of the surface, whereas Inconel 718 showed stronger directional dependence, reflecting a higher degree of mechanical 
anisotropy.

Keywords  Inconel · Yield surface · Additive manufacturing · Laser Engineered Net Shaping

Received: 5 December 2025 / Accepted: 2 March 2026
© The Author(s) 2026

Experimental identification of the yield surface for inconel alloys 
manufactured by using laser engineered net shaping

Hubert Przygucki1 · Ved Prakash Dubey1 · Tomasz Durejko2 · Dominika Przygucka2 · Zbigniew L. Kowalewski1 · 
Stanisław Jóźwiak2 · Mateusz Kopec1,3

1 3

https://doi.org/10.1007/s00170-026-17839-7
http://orcid.org/0000-0001-9565-3407
http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-026-17839-7&domain=pdf&date_stamp=2026-3-19


The International Journal of Advanced Manufacturing Technology

asymmetry in additively manufactured Ni-based superal-
loys. Consequently, materials produced by LENS provide 
a particularly relevant case for experimental identification 
of anisotropic yield surfaces and for investigating the link 
between additive manufacturing–induced microstructure 
and macroscopic yielding behavior [2]. Choosing the right 
additive manufacturing technology and its parameters is 
crucial for making sure a successful process during which 
crack-free components with minimal porosity can be manu-
factured [7]. Therefore, it is important to apply optimized 
process parameters to achieve the required mechanical 
properties [8] since they are strongly dependent on the type 
of AM process strategy applied.

While uniaxial tensile testing is commonly used to 
characterize AM alloys, it provides only limited data on 
the anisotropy, which is insufficient to fully understand all 
aspects of their behaviour. In order to expand the knowl-
edge of the mechanical behaviour of Inconel 625 and Inco-
nel 718, the yield surface concept could be used. An interior 
of the yield surface can be described as a region in the stress 
space where the material always behaves as elastic. Hence, 
an experimental identification of such surfaces would be 
extremely important since it provides realistic stress val-
ues under which material could operate without permanent 
deformation. Unfortunately, the available literature on the 
experimental identification of yield surface for additively 
manufactured Inconel 625 and Inconel 718 is still limited. 
Gil et al. [9] presented experiment to determine yield sur-
faces of Inconel 718, however, manufactured by traditional 
means. Shrivastava et al. [10] conducted experimental iden-
tification of yield surface for additively manufactured Inco-
nel 718, but conducted calculations on data collected from 
Knoop hardness test and not directly from bi-axial testing. 
Additive manufacturing significantly influences the aniso-
tropic mechanical behavior and yield surfaces of metals 
such as stainless steel 316  L, Ti-6Al-4 V, maraging steel, 
and Inconel 718 [11–15]. Studies on LPBF 316 L and Ti-
6Al-4 V using crystal plasticity simulations and multi-scale 
RVEs show that printing orientation and microstructural 
features, like columnar grains and lamellar structures, gov-
ern the shape and size of Hill-48 and Yld2004-18p yield sur-
faces [11, 13]. Experimental investigations of AM SS316L 
reveal orientation-dependent yield strength, with Z-oriented 
samples exhibiting lower resistance to plastic deformation, 
while XY and ZX orientations show higher strength, and 
LPBF processing modifies the yield surface compared to 
wrought material, enlarging it along tension-compression 
directions and shrinking it under torsion [12, 13]. For AM 
lattice structures of Inconel 718, anisotropic volumetric 
hardening models coupled with damage criteria capture 
tension-compression asymmetry, hydrostatic sensitivity, 
and strut-level deformation mechanisms, providing refined 

yield surface predictions [14]. Additionally, the influence 
of printing parameters on density, surface roughness, and 
cyclic plasticity highlights the necessity of anisotropic 
yield criteria for modeling AM metals, with LPBF SS316L 
achieving high yield strength and favorable fatigue perfor-
mance even without heat treatment [15]. The experimental 
studies on yield surface identification for AM materials are 
also important from the modelling point of view. In the last 
decade, crystal plasticity has become an indispensable tool 
for establishing a connection between the microstructure of 
materials and their macroscopic mechanical strength [11]. 
It allows for a detailed description of the plastic defor-
mation mechanisms of different AM materials including 
Inconel alloys. One should also highlight, that LENS pro-
cess often introduce some anisotropy into manufactured 
Inconel alloys due to the formation of columnar and cel-
lular microstructures during the deposition process [16, 17]. 
Numerical modeling using CFD has been applied to predict 
equiaxed grain fractions in LENS-deposited Inconel, aim-
ing to guide process parameters for more isotropic behav-
ior [16]. Experimental studies on Inconel 625 show that 
LENS-printed specimens have larger grains and directional 
differences in tensile strength, with XY orientations outper-
forming XZ orientations, highlighting anisotropic yield and 
tensile behavior [17]. Similarly, for LENS-deposited Inco-
nel 718, optimized processing and heat treatments affect 
microstructure and tensile properties, with as-deposited and 
aged conditions showing orientation-dependent strength 
and ductility, reflecting anisotropy introduced during layer-
wise deposition [18]. Additionally, in LENS-fabricated 
Inconel alloys, rapid layer-wise melting and solidification 
may induce significant residual stresses due to steep ther-
mal gradients and constrained contraction. These residual 
stresses act as pre-existing stresses that may translate the 
yield surface in stress space, causing the material to yield 
earlier in directions aligned with tensile residual stress and 
later in compressive directions. Consequently, the anisotro-
pic mechanical behavior and orientation-dependent yield 
strength observed in LENS parts can be explained by the 
combined effect of microstructural anisotropy and residual-
stress-induced yield surface translation.

An anisotropic yield function is usually employed to 
govern the plastic behaviour, and it can be determined 
through crystal plasticity simulations or directly from the 
experiments. There are numerous anisotropic yield criteria 
available, each utilizing quadratic or nonquadratic yield 
functions with varying numbers of adjustable parameters. 
Generally, the complexity and flexibility of a yield func-
tion increase with the number of parameters it incorporates. 
However, calibrating multiple parameters requires extensive 
experimental testing. Therefore, this work represents one 
of the first experimental identifications of the yield surface 
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for LENS-manufactured Inconel alloys, providing valu-
able experimental data for further modelling and validation. 
Therefore, the main aim of this paper is to experimentally 
determine an initial yield surface of Inconel 625 and Inconel 
718 based on the yield point definition in form of the plastic 
offset strain equal to 0.005% and 0.01%.

2  Materials and methods

The tubes of diameter and length equal to 12  mm and 
72  mm, respectively, were additively manufactured by 
using the LENS-MR7 system. Inconel 625 and Inconel 
718 powders feedstock were supplied by the Carpenter 

Additive company. Material granulation ranged from 
40 μm to 106 μm. They were printed at high purity argon 
atmosphere on Inconel 625 plate in Z – vertical direction 
applying the process parameters presented in Fig.  1a for 
each alloy. Based on the applied laser power, scan speed, 
hatch spacing, and layer thickness, the calculated volumet-
ric energy density was approximately 200 J/mm³ for both 
materials. Additionally, both Inconel 625 and Inconel 718 
were fabricated using strictly identical LENS scanning 
strategies, consisting of a continuous bidirectional single 
pass of laser beam with 45o rotation of scan vector between 
layers and constant hatch spacing. The scanning orienta-
tion, layer sequence, and build direction were maintained 
unchanged for all specimens to ensure comparable thermal 
histories. After the AM process, tubes were then wire cut 

Fig. 1  LENS process parameters with overview of the built plate with 
manufactured specimens (a); engineering drawing of the tubular speci-
men for yield surface determination (b); schemes of the strain gauge 

circuits on the specimen and up-close photo of those strain gauges (c); 
loading sequence of strain paths for yield points determination in the 
biaxial strain space (d)
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(Fig. 1d), where ν is the Poisson’s ratio. Loading for each 
path began from the origin and continued until a limited 
plastic offset strain of 1.5 × 10−4 (0.015%) was achieved. 
Then, the stress-controlled unloading process was executed 
until the force and torque reached zero values. The yield 
points were identified through the designated offset strain 
technique, where yield is determined as the point at which 
the equivalent stress–strain curve deviates by 0.005% % and 
0.01% from the elastic line in each loading direction. The 
Szczepiński anisotropic yield criterion was utilized for the 
numerical computation of the yield surface [20]. The exper-
imental yield points obtained from biaxial loading were fit-
ted using Szczepiński anisotropic yield criterion [20], which 
provides a phenomenological description of plastic anisot-
ropy in metals. This criterion is a generalization of the clas-
sical isotropic Huber-Mises-Hencky condition, extended to 
capture direction-dependent yielding through a small num-
ber of easily interpretable parameters.

In the case of plane stress, the Szczepiński criterion can 
be expressed as:

f (σij) = (k12 + k31) σ2
xx − 2k16τxyσxx+

k66τ2
xy + (b31 − b12) σxx + b66τxy = 1 � (1)

where σxx and τxy are the normal and shear stresses, 
respectively, and kijandbij  are coefficients representing the 
anisotropic material. These constants are determined exper-
imentally by fitting the equation to the set of measured yield 
points using the least-square method. The detailed analyti-
cal analysis was described previously [19]. The criterion 
assumes that yielding occurs when the stress state reaches 
the boundary of this elliptical domain in the stress space. 
For an isotropic material, coefficients values are leading to 
circular yield surface identical to that of the Huber-Mises-
Hencky condition. Any deviation from this circular form 
corresponds to an anisotropic yielding behaviour, mani-
fested as an expansion or contraction of the ellipse along 
particular stress directions. In practice, the elliptical yield 
surface defined by the Szczepiński criterion allows for a 
straightforward quantitative evaluation of anisotropy though 
the ratio of its principal axes.

In the case of an isotropic material obeying the von Mises 
yield criterion, the yield surface in principal stress space is 
a cylinder. When this surface is intersected with a plane of 
constant hydrostatic stress (or equivalently represented in 
the biaxial stress space used in this work), the resulting yield 
locus is an ellipse whose axis ratio is fixed and uniquely 
determined by the von Mises formulation. For proportional 
biaxial loading, the von Mises yield criterion can be written 
as:

σ2
1 + σ2

2 − σ1σ2 = σ2
ywhere σ1and σ2 are the principal 

stresses and σy  is the yield stress under uniaxial tension. 

from the build plate and subsequently machined to achieve 
the specimen geometry illustrated in Fig. 1b. The inner sur-
face of the specimens was finished using wire electrical dis-
charge machining (WEDM), whereas the outer surface was 
machined by turning. Mechanical tests were performed on 
the MTS 858 servo-electrohydraulic biaxial testing machine 
with the maximum capacity of ± 25kN axial force and ± 100 
Nm torque at room temperature (23 °C). Initially, the uni-
axial tensile tests were carried out to determine the fun-
damental mechanical properties of the material, including 
the conventional 0.2% proof yield strength (σy). Based on 
the stress–strain characteristic, the definition of yield point 
for 0.005% and 0.01% plastic offset strain was established. 
Since a single specimen approach was used for yield sur-
face determination in this work, such a small plastic offset 
strain for the definition of yield effectively minimized the 
influence of prior plastic deformation from preceding load-
ing paths. Therefore, considering the cost perspective of the 
experiment and to provide a more realistic elastic-to-plastic 
transition, 0.005% and 0.01% plastic offset strain definition 
of yield point for all the yield surfaces were adopted. For 
the purpose of subsequent experiments, Vishay 120 Ω strain 
gages were bonded in the middle of outer surface of gauge 
section of the thin-walled tubular specimens to measure and 
control axial, shear and hoop strain components (Fig. 1c). 
During yield probing, the axial and shear strain components 
were measured by using three-element 45° rectangular 
rosette EA-05-125RA-120 while for the hoop strain, lin-
ear pattern rosette EA-13-062AK-120 was used. A detailed 
description of the methodology implemented for the precise 
strain measurement and control of tests was presented in 
[19]. Such strain measurements were performed using high-
resolution resistance strain gauges, with the signal noise 
level remaining below ± 1–2 µε, which is at least one order 
of magnitude smaller than the smallest plastic offset strain 
used (0.005%, i.e. 50 µε). Data acquisition was conducted 
at a sufficiently high sampling frequency of 100 Hz to accu-
rately resolve the elastic–plastic transition. Each strain path 
was terminated at a maximum strain of 0.015% and fol-
lowed by complete unloading, ensuring that no significant 
strain hardening or damage accumulation occurred between 
consecutive loading paths. A single specimen approach and 
sequential probing technique under strain-controlled load-
ing were used to determine an initial yield surface involv-
ing 17 distinct strain paths. These 17 paths were selected 
to provide uniform angular coverage of the biaxial strain 
space and an overdetermined dataset, ensuring statistically 
robust and accurate identification of the initial anisotropic 
yield surface while minimizing sensitivity to experimental 
scatter and prior plastic deformation. The sequence com-
menced under tension and finished with tension in the 
same direction within the 

(
ϵxx,

√
3

(1+v)2 ϵxy

)
 strain plane 
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Figure 2c presents a comparison of the yield surfaces of 
Inconel 718 determined for 0.005% and 0.010% plastic off-
set strain. The increase in surface size and the slight change 
in its shape indicate a progressive expansion of the plas-
tic domain as the offset strain increases. To further assess 
the level of anisotropy, Fig.  2d compares the experimen-
tally obtained yield surface of Inconel 718 for 0.01% off-
set strain with the isotropic Huber–Mises–Hencky (HMH) 
yield surface. The as-printed Inconel 718 surface revealed 
hardening along the compression and shear directions rela-
tive to the perfect isotropic ellipse. This deviation indicates 
the presence of initial anisotropy, likely induced by the 
directional microstructure inherent to the LENS process. A 
similar trend was observed for Inconel 625 (Fig. 2e), where 
the yield surface determined for 0.01% plastic offset strain 
shows an overall enlargement, suggesting a higher yielding 
capability compared to the lower strain case. The compari-
son with the HMH criterion (Fig. 2f) revealed that, while the 
axial stress direction remained nearly unchanged, the shear 
direction displayed a noticeable deviation, suggesting mod-
erate anisotropy in the LENS-manufactured Inconel 625. 
Finally, Fig. 2g compares the yield surfaces of Inconel 625 
and Inconel 718 for the same 0.01% offset strain level. Inco-
nel 625 exhibited nearly symmetric yield strengths under 
tension and compression, with a more pronounced elonga-
tion of the yield surface in the tensile direction compared 
to Inconel 718. In contrast, Inconel 718 demonstrated a 
stronger directional dependence, characterized by an asym-
metrical tension–compression response, indicating a higher 
degree of mechanical anisotropy. The main ellipse param-
eters for the determined yield surfaces of Inconel 625 and 
Inconel 718 at 0.005% and 0.01% plastic offset strain, are 
presented in Table  1. The ratio of the yield surface axes 
for the LENS-manufactured alloys was consistently lower 
than the theoretical isotropic value of 1.73 predicted by the 
HMH yield criterion. Axis ratios below 1.73 suggest the 
presence of initial anisotropy, where the material exhibits 
either higher values of yield stress in tension / compression 
directions or lower values in the shear direction. It should be 
highlighted, that the experimentally identified yield surfaces 
exhibit a slight shift of their centers from the origin of the 
stress space (Table 1). For Inconel 625, the center coordi-
nates change from (− 6.68 MPa, 13.13 MPa) at 0.005% plas-
tic offset strain to (− 8.82 MPa, 9.45 MPa) at 0.01%, while 
for Inconel 718 they evolve from (− 36.19 MPa, 14.01 MPa) 
to (− 33.89 MPa, 8.55 MPa), respectively. The limited varia-
tion of the center position with increasing offset strain sug-
gests that this shift is largely systematic rather than caused 
by progressive plastic deformation during sequential prob-
ing. The dominant displacement is observed along the 
axial stress direction, whereas the shear-direction compo-
nent remains relatively small. Such directionality may be 

The above equation represents an ellipse in the σ1–σ2 
plane. Diagonalization of this quadratic form yields prin-
cipal axes whose ratio is equal to 

√
3 ≈ 1.73. This value 

is therefore a direct consequence of isotropy and does not 
depend on material-specific parameters, but solely on the 
mathematical structure of the von Mises yield function. A 
ratio of 1.73 corresponds to the isotropic von Mises condi-
tion, whereas smaller or greater ratios indicate increasing 
degrees of anisotropy. Any deviation from this value—
either smaller or larger—indicates a distortion of the yield 
surface relative to the isotropic case and therefore reflects 
material anisotropy. Furthermore, the degree of anisot-
ropy is quantitatively related to the extent of deviation of 
the measured axis ratio from the von Mises value. Larger 
deviations correspond to stronger directional dependence 
of yielding, while ratios close to 1.73 indicate near-iso-
tropic behavior. Microstructural analysis was performed 
by electron backscatter diffraction (EBSD) using an FEI 
Quanta 3D FEG scanning electron microscope fitted with 
combined EDS/EBSD detectors and operated at an accel-
erating voltage of 20 kV. Specimens were hot-mounted and 
mechanically prepared through successive polishing steps, 
including planar polishing with a Struers MD-Largo platen 
and 2 μm diamond abrasive, followed by final polishing on 
a Metrep® MD-Chem cloth using a 0.04 μm colloidal silica 
suspension. Optical micrographs were captured by using 
Nikon MA220.

3  Experimental results and discussion

Initially, uniaxial tensile tests were performed on the LENS-
manufactured tubular specimens of Inconel 625 and Inconel 
718 to determine the yield strength (YS), ultimate tensile 
strength (UTS), elongation at fracture and Young modulus 
(Fig.  2a), Table  1). The results revealed that Inconel 625 
exhibited both a higher yield strength and a higher elonga-
tion compared to Inconel 718, whereas their ultimate tensile 
strengths were nearly identical. This suggests that Inconel 
625 possesses a superior combination of strength and duc-
tility, which is advantageous for components subjected to 
complex stress states or cyclic loading. Subsequently, the 
stress–strain dependence for each state of the material was 
investigated in each of the 17 strain paths in a narrow strain 
range to determine the yield points for further calculations 
of the yield surface. It was found, that at the 0.005% plastic 
offset strain, the yield surface determined for the LENS-
fabricated Inconel 625 exhibited a noticeable elongation 
along the tensile direction compared to that of Inconel 718 
(Fig. 2b). The evolution of the yield surfaces with increas-
ing plastic offset strain and their comparison with isotropic 
reference surfaces, are illustrated in Fig. 2c and g.
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Consequently, a quantitative assessment of residual stress 
magnitude based solely on yield surface translation is not 
possible within the scope of the present study.

Recent studies by Chen et al. [17] have shown, that 
manufacturing process parameters can effectively control 
the grain size and shape and dislocation density of Inco-
nel 625. In mentioned work, with the use of Selective Laser 

associated with residual stresses originating from the addi-
tive manufacturing process and subsequent machining oper-
ations. However, the magnitude of the center shift remains 
small compared to the overall dimensions of the yield sur-
face, and its interpretation is not unique, as similar effects 
may also arise from minor tension–compression asymmetry 
or experimental uncertainties at very small plastic strains. 

Fig. 2  Standard tensile character-
istics of the LENS-manufactured 
Inconel 625 and Inconel 718 (a), 
comparison of the yield surfaces 
of Inconel 625 and Inconel 718 
for 0.005% plastic offset strain 
(b), comparison of the yield 
surfaces of Inconel 718 for 
0.005% and for 0.010% plastic 
offset strain (c), comparison of 
the yield surfaces of Inconel 718 
for 0.010% plastic offset strain 
and for isotropic yield surface 
(Huber-Mises-Hencky) (d), com-
parison of the yield surfaces of 
Inconel 625 for 0.005% and for 
0.010% plastic offset strain (e), 
comparison of the yield surfaces 
of Inconel 625 for 0.010% plastic 
offset strain and for isotropic 
yield surface (Huber-Mises-
Hencky) (f), comparison of the 
yield surfaces of Inconel 625 and 
Inconel 718 for0.010% plastic 
offset strain (g)
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deformation is governed by {111}〈110〉 slip systems, 
and the activation of these systems depends on the relative 
orientation between the applied stress state and the crystal 
lattice [26]. Consequently, a textured polycrystalline mate-
rial exhibits direction-dependent yielding, which manifests 
macroscopically as distortion of the yield surface relative to 
the isotropic von Mises reference [27]. This interpretation 
is consistent with the experimentally determined yield sur-
faces, which exhibit elliptical shapes with axis ratios lower 
than the isotropic value of 1.73. The more pronounced 
anisotropy observed for Inconel 718 compared to Inconel 
625 can be attributed to its higher sensitivity to solidifica-
tion-induced microstructural heterogeneity. Inconel 718 is 
prone to chemical segregation and the formation of Nb-rich 
regions during rapid solidification, which enhances local 
mechanical contrast and amplifies the effect of texture on 
yielding, even in the as-deposited condition [28]. In contrast, 
Inconel 625, being primarily solid-solution strengthened, 
exhibits a more homogeneous microstructural response to 
the LENS thermal cycle, resulting in a more symmetric 
yield surface and reduced tension–compression asymmetry 
[29]. Inverse pole figures, presented on Fig.  3, show that 
in Inconel 625 main deformation mechanisms are slip sys-
tems in directions [001] and [101]. There is also region with 
higher density between directions [001] and [111], it can be 
connected to twinning direction of [112]. For comparision, 
the inverse pole figure for Inconel 718 was also presented 
(Fig.  3f), but there is different deformation mechanism, 
since only mainly slip deformation along [101] direction 
was observed. Considering the differences in mechanical 
properties due to the intrinsic anisotropy in each of alloys, 
one should indicate the undoubted effects of microstructure 
with non-random texture such as well-defined layered struc-
ture characterized by overlapping semicircular melt pools in 
Inconel 625, shown in Fig. 3a, and within material grains, 
a fine cellular substructure is visible (Fig. 3b). The contrast 
variation along the cell boundaries suggests microsegrega-
tion of alloying elements, what is typical for Inconel alloys.

It should be emphasized that the primary strengthen-
ing mechanisms of the investigated alloys differ signifi-
cantly and cannot be directly resolved by EBSD. Inconel 
625 is predominantly strengthened by solid-solution hard-
ening due to the presence of Mo and Nb in the γ matrix, 

Melting (SLM) process, a relatively high dislocation den-
sity of 2.8 ± 1.2 × 1014 m⁻² was achieved. Also Krmasha [21] 
showed that microstructure, hardness, relative density but 
also productivity are influenced by L-PBF process param-
eters, including laser power, scan speed, hatch distance, 
powder layer thickness or scanning strategy. Therefore, it 
is essential to emphasise the importance of manufactur-
ing technology. On the other hand, the thermal properties 
of each material should also be taken into account. The 
mechanical properties of Inconel alloys arise primarily 
from solid-solution strengthening [22]. One can calculate 
the total strength contribution due to solid solution using the 
following equation:

σγ
sss = (1 − fγ′)

(∑
i

(Sγ
i )

3
2

)2/3

� (2)

where fγ′ is the volume fraction of the γ ′ phase and Sγ
i is 

the strength contribution of i element in the γ matrix phase 
[22]. However, the degree of strengthening for Inconel 625 
and Inconel 718 is comparable (88.97 MPa for Inconel 625 
and 85.87 MPa for Inconel 718). Therefore, this effect on 
the evolution of the yield surface is considered negligible. 
Additionally, the influence of thermal stress was also taken 
into account, but the thermal conductivity of both alloys 
remains practically identical within the same temperature 
ranges [23, 24].

Consequently, it was concluded that other factors respon-
sible for the deformation of the yield surface should be 
investigated, such as crystallographic texture, which was 
confirmed by EBSD, and presented in Fig.  3 The EBSD 
analysis (Fig. 3c, d, e and f) reveals a non-random crystallo-
graphic orientation distribution in the LENS-manufactured 
Inconel 625 and Inconel 718, reflecting the directional 
nature of the deposition process. The inverse pole figure 
maps obtained from the cross-section containing the build 
direction show elongated grains preferentially aligned along 
printing path. Such microstructural features are typical for 
directed energy deposition processes and arise from steep 
thermal gradients [25]. The presence of crystallographic 
texture has a direct implication for the observed anisotropic 
yielding behaviour. In FCC Ni-based superalloys, plastic 

Table 1  The mechanical properties and ellipse parameters for the initial yield surfaces of LENS-manufactured Inconel 625 and Inconel 718 for 
0.005% and 0.010% plastic offset strain
Inconel 625 σy

[MPa]
σUTS [MPa] A [%] E  

[GPa] 
Plastic offset 
strain

Centre (x0, y0) 
[MPa]

Rotation angle 
(∅) [Radian]

Semi-axes 
(a, b) [MPa]

Axes ratio 
(a

/
b )

508.8 889.0 46 179.9 0.005% -6.68, 13.13 -0.06 425.2, 294.9 1.44
0.010% -8.82, 9.45 0.009 425.2, 284.45 1.50

Inconel 718 461.0 888.9 30 170.8 0.005% -36.19, 14.01 -0.09 380.7, 271.1 1.40
0.010% -33.89, 8.55 -0.05 377.04, 260.50 1.45
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superalloys, can be treated as a relatively new approach 
used in mechanics to characterise the material behaviour 
subjected to complex loading in stress states separating the 
elastic and plastic ranges [12]. One should emphasize, that 
research in this area is mainly limited to numerical investi-
gations through crystal plasticity [30] and anisotropic [31] 
models. Even though experimental data is used to validate 
or calibrate the model, it is mainly based on the uniaxial ten-
sile test results. Thus, the approach presented in this study is 
important, as it provides the experimental data on AM Inco-
nel alloys, with yield surfaces experimentally determined 
for both Inconel 625 and Inconel 718. Future studies should 
involve the combination of numerical and experimental 
approaches to establish a new model, which could be vali-
dated through data obtained in this paper.

while Inconel 718 is strengthened mainly by nanoscale 
γ″ (Ni₃Nb) precipitates, with a smaller contribution from 
γ′ phases [28]. These precipitates are coherent with the γ 
matrix and typically have characteristic dimensions well 
below the spatial resolution of conventional EBSD; there-
fore, EBSD cannot be used to directly identify or map these 
strengthening phases. Instead, EBSD provides information 
on grain morphology and crystallographic texture, which 
indirectly influence the yielding behavior by controlling 
the activation of slip systems and the macroscopic anisot-
ropy. More detailed work on this matter will be conducted 
in future publications.

Although the yield surface concept is commonly known, 
the experimental identification of yield surfaces for addi-
tively manufactured materials, especially for Ni-based 

Fig. 3  Microstructure of Inconel 
625 through light microscope 
a); microstructure of Inconel 
718 through light microscope 
b); result of EBSD measure-
ment for Inconel 625 c); inverse 
pole figure for conducted EBSD 
measurement for Inconel 625 
d); result of EBSD measure-
ment for Inconel 718 e); inverse 
pole figure for conducted EBSD 
measurement for Inconel 718 
f). Measurement of EBSD was 
done on cross-section plane of 
specimens in such a way to con-
tain axis along which sample was 
additionally manufactured (called 
“Z” by default)
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as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
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included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
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4  Conclusions

In this paper, a novel experimental approach for the identifi-
cation of the initial yield surface of additively manufactured 
Inconel 625 and Inconel 718 alloys was presented. The speci-
mens were produced using the Laser Engineered Net Shaping 
(LENS) technique, and the yield surfaces were determined 
based on the yield point defined by 0.005% and 0.01% plastic 
offset strain. A single-specimen and sequential-probing meth-
odology under strain-controlled loading was successfully 
applied to identify yield points for 17 distinct stress paths.

The experimentally observed yield surface shapes were 
directly linked to the microstructural features induced by 
the LENS process. Directional solidification generates elon-
gated grains and a non-random crystallographic texture, 
as evidenced by the IPF triangle maps, which controls the 
orientation-dependent activation of the FCC {111}⟨110⟩ 
slip systems. In Inconel 625, the broader orientation spread 
and cellular solid-solution–strengthened microstructure 
promote more uniform slip activity, resulting in a nearly 
symmetric, moderately distorted elliptical yield surface. In 
contrast, Inconel 718 exhibits a sharper texture combined 
with Nb-segregation and γ″ precipitation, which locally 
constrain slip and amplify orientation-dependent yielding, 
producing a more elongated and asymmetric yield surface.

The experimental determination of yield surfaces for 
additively manufactured Inconel alloys provides valuable 
data for further numerical modelling. The obtained results 
can be used for the calibration and validation of anisotro-
pic constitutive models based on crystal plasticity or phe-
nomenological yield criteria. Future work should focus on 
the evolution of the yield surface after cyclic or pre-loading 
conditions, to better understand the mechanical perfor-
mance of Inconel 625 and Inconel 718.
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