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Determination of Johnson—-Cook
parameters and evaluation of Charpy
impact test performance for 1.2709
steel produced via L-PBF

Laser powder bed fusion (L-PBF) enables the creation of advanced metal
parts that are difficult to manufacture conventionally. In this study, the
model parameters of the Johnson—Cook (JC) constitutive relation and the
damage parameters of the JC failure model for 1.2709 steel produced via
L-PBF were determined. Constitutive parameters were identified from
quasi-static uniaxial tensile tests conducted on smooth specimens. In
contrast, stress triaxiality-dependent damage parameters were determined
using tensile tests on notched round bar specimens in combination with
FEM simulations. The load—displacement curves showed good agreement
with the experimentally obtained data. The strain—rate—dependent failure
model parameter was determined by correlating Charpy impact test results
with numerical simulations. Reasonable agreement between the simulation
and experimental results was achieved. The results demonstrate that the
proposed experimental-numerical framework provides a reliable basis for
modelling both the quasi-static and impact fracture behaviour of L-PBF-
fabricated 1.2709 steel.
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1. INTRODUCTION

Laser powder bed fusion (L-PBF) is one of the most
commonly used metal additive manufacturing (AM)
technologies. L-PBF uses a focused laser beam to melt
powdered metallic particles, forming highly dense com—
ponents layer by layer according to a 3D model. Mara—
ging steels are easy to print, and 1.2709 (18Ni300) is the
most widely used maraging steel in L-PBF; it is exten—
sively employed in tooling and aerospace applications
[1-3]. However, the multiphysics nature of the L-PBF
process often leads to defect formation, which can ne—
gatively affect the mechanical properties of the fabri—
cated parts. Despite these challenges, L-PBF enables the
printing of geometrically complex components with a
high degree of design freedom [4,5].

The finite element method (FEM) is a numerical
approach used to analyse and predict the mechanical
behaviour of complex structures. Studies on the FEM
simulation of parts obtained through metal AM have
attracted increasing attention in recent years. Among
various constitutive models, the Johnson—Cook (JC)
model is frequently employed in FEM simulations due
to its simple form and the relative ease of determining
its parameters. It is widely used to study impact loading
or similar problems involving metals.Numerous studies
have investigated the determination of JC parameters
for 1.2709 AM materials produced by L-PBF. Dehgahi
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et al. [6] characterised the dynamic response of as-built
1.2709 specimens using a Split Hopkinson Pressure Bar
apparatus. Kolomy et al. [7] investigated the high-
strain-rate behaviour of 1.2709 steel via the Taylor anvil
test. The acquired data were incorporated into the JC
constitutive equation for numerical simulation, demon—
strating satisfactory agreement with the experimental
results. Liang et al. [8] studied the JC constitutive model
for specimens printed in different build directions and
reported close correspondence between simulated and
measured strain rate—time curves. Eisseler et al. [9]
applied a simplified inverse method to determine the
build-direction-dependent parameters of a modified JC
model for cutting simulations. Additionally, Edwards-
Mowforth et al. [10] analysed the ballistic impact
response of 1.2709 steel. Cylindrical specimens for
uniaxial tensile tests and target plates for ballistic
impact tests were printed for the experiments, and the
experimentally and numerically determined ballistic
limit velocities agreed to within 10%.

In contrast to tensile properties, the impact pro—
perties of AM metals—typically determined through the
Charpy impact test—are rarely documented in the sci—
entific literature. Sagar et al. [11] investigated the
Charpy impact properties of printed 15-5 stainless steel
through a combined experimental and FEM study, de—
veloping a JC model with damage parameters to
simulate the impact tests.

Despite these advances, the existing literature lacks
comprehensive quasi-static and dynamic experimental
characterisation, as well as validated virtual material
modelling, of additively manufactured maraging steel.
To address these gaps, the present study develops and
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validates a material model suitable for reliable appli—
cation in industrial practice.

To the best of the authors’ knowledge, the room-
temperature impact behaviour of 1.2709 components
produced by L-PBF has not been numerically simulated
previously. Therefore, in this study, the mechanical
response of an L-PBF 1.2709 alloy has been investi—
gated through comprehensive experiments. The JC con—
stitutive parameters were determined from a quasi-static
uniaxial tensile test of a smooth bar specimen. In
contrast, the damage parameters associated with stress
triaxiality were obtained from tensile tests on notched
bar specimens. Thereafter, the Charpy impact test—
representative of moderately high strain-rate loading—
was simulated. Based on the experimental results, the
strain rate-related damage parameter was determined,
and the reliability of the FEM predictions was assessed.

There is growing use of 3D-printed steel structures
in military (e.g., armour) and civilian applications (e.g.,
space technology, motorsport, and machining tools).
The Johnson—Cook parameters defined in this publica—
tion provide an accurate description of material beha—
viour, allowing design engineers to determine material
thicknesses and appropriate geometries necessary for
safe operation and high performance.

2. EXPERIMENTAL METHODS
2.1 Sample fabrication

All specimens in this study were manufactured using an
EOSINT M270 system equipped with a 200 W Yb-fibre
laser (wavelength: 1070 nm, focus diameter: 100 um)
operated under a protective nitrogen gas atmosphere.
Maraging steel 1.2709 powder supplied by M4p Mate—
rials Solutions GmbH served as the raw material. This
alloy is internationally designated as 18Ni (300-grade)
maraging steel or X3NiCoMoTi 18-9-5. Before proces—
sing, the powder was sieved to ensure only particles
with a diameter of 80 um or less were used.

The applied process parameters were as follows: a
laser power of 150 W, scanning speed of 600 mm/s,
hatch distance of 0.1 mm, and layer thickness of 20 um.
The build platform was maintained at 40 °C. A stripe-
hatching strategy was employed, with a 67° scanning
rotation between consecutive layers and omitting con—
tour scans. These parameters were selected to ensure the
production of parts with near-full density, as re—ported
in a previous study [12].

2.2 Test geometries

Charpy impact specimens and cylindrical bars with
dimensions of @10 mm X 70 mm for tensile testing were
printed in the vertical build direction. The gauge regions
of the unnotched @6 mm tensile specimen and three
different notched tensile variants were subsequently
machined to their final geometry using a computer
numerical control (CNC) lathe (Figure 1). The dimen—
sional schematic of the notched bar specimens is pre—
sented in Figure 2, with notch radii R of 0.8 mm,
2.25 mm, and 4.85 mm.
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Figure 1. Machined tensile test specimens

o R4.85
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Figure 2. Notched tensile specimen with notch radii R of
4.85 mm

The Charpy impact specimens featured a square
cross-section of 10 mm X 10 mm, a total length of
55 mm, and a 2 mm deep notch with a root radius of
0.25 mm positioned at mid-length. All mechanical tests
were carried out on specimens in the as-built condition;
no stress-relief or ageing heat treatments were applied.

3. DETERMINATION OF JC MODEL PARAMETERS
3.1 Johnson-Cook constitutive model

In 1983, Johnson and Cook proposed a material model
that describes the coupled influence of strain, strain rate,
and temperature on the flow stress of materials. In this
formulation, the first bracket represents the strain har—
dening dependence, the second bracket represents the
strain rate dependence, and the third bracket describes
the weakening effect of temperature [13,14]:

TT
o=(a+ Bs")[l + cmi]{l —(—“"’m H (1)
2] Tmelt 'Troom

In this equation, A, B, n, C, and m denote material-
specific constitutive parameters. Specifically, A repre—
sents the initial yield strength, B and n correspond to the
strain-hardening modulus and strain-hardening (work-
hardening) exponent, C is the strain-rate hardening
parameter, and m is the thermal softening parameter. o
and ¢ are the equivalent flow stress and plastic strain,
respectively, while e /& denotes the ratio of the current
strain rate to the reference strain rate. The variables T,
Trooms and T, represent the current working tempe—
rature, room temperature, and melting temperature of
the material, respectively.

3.2 Determination of constant “A, B, n”

Quasi-static tensile tests were carried out using an
Instron 5582 testing machine equipped with a 100 kN
load cell. The tests were conducted at room temperature
(~20 °C) and under a constant strain rate.
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Figure 3. Experimental setup for tensile test

Under these testing conditions—at room temperature
and a reference strain rate—the second and third terms
of (1) become unity, allowing the JC model to be
simplified to:

oc=A+Bg". 2)

Tensile tests produced load-versus-deformation
plots, which were converted to stress-versus-strain
graphs. The tensile test results from the smooth
(unnotched) tensile specimen are presented in Figure 4,
showing both the engineering stress—strain and true
stress—strain curves up to the onset of necking. The key
tensile properties—such as yield stress, ultimate tensile
stress, and Young’s modulus—were extracted from the
stress and strain graphs. Parameter A was extracted
directly from the initial yield point of the uniaxial
tensile test, yielding an initial flow stress of
o = 1180 MPa; that is, A = 1180 MPa.
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Figure 4. Stress—strain curve from the quasi-static tensile
test

To determine B and n, (2) was rearranged, and the
natural logarithm was applied to both sides, producing a
linear relationship as expressed in (3):

In(o — A) = nlng + InB. 3)

A linear regression was then performed on the trans—
formed data, and the slope and intercept of the fitted
line yielded the strain-hardening modulus and strain-
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hardening exponent. From this fitting, B and n were
determined to be 130 MPa and 0.1, respectively.

3.3 Johnson-Cook failure model

The damage criterion for ductile materials is based on
the accumulation of plastic strain. The scalar damage
parameter D is defined as:

A
D =Z£—fg @)

where de denotes the increment of equivalent plastic
strain and & is the equivalent strain to fracture. The
damage parameter varies between 0 and 1, and damage
initiation is assumed to occur when D reaches 1 [15,16].

The Johnson—Cook fracture criterion describes the
dependence of the fracture strain (gf) on stress tria—
xiality, temperature, and strain rate. This model is par—
ticularly well-suited for characterizing failure under
high-strain-rate deformation, such as dynamic mono—
tonic impact loading. It assumes that damage accumu—
lates within the material during plastic deformation,
which accelerates immediately when the damage reac—
hes a critical value [16-19]. The failure model is
expressed as:

& :|:Dl +DZeD3»’7J[1+D41n§J{1+D5[TTﬁH (5)

melt 'Troom

In this expression, D,—Ds are material damage para—
meters: D,—D; are related to stress triaxiality, Dy
characterises strain rate sensitivity, and D5 accounts for
thermal effects. The variable 5 represents the stress
triaxiality.

The JC fracture model assumes that failure is initi—
ated by the coalescence of voids located at the speci—
men’s centre. The determination of the JC failure para—
meters, as defined in (5), requires knowledge of the
stress triaxiality at the centre of the specimen. Stress
triaxiality is defined as the ratio of the hydrostatic stress
to the equivalent von Mises stress. This relationship is
commonly investigated experimentally by performing
tensile tests on round bars with various notch radii. For
notched cylindrical specimens, the triaxiality factor can
be estimated analytically from the notched geometry
using the expression given in [16,20]:

n=%+ln(1+§j (6)

where a is the radius of the necking cross-section,
and R is the radius of the notch root. This analytical
formulation enables the estimation of the stress tria—
xiality in the initial phase of tensile loading (Table 1).

Table 1. Theoretical stress-triaxiality values

Notch radius [mm] Stress triaxiality
) 0.33
4.85 0.60
2.25 0.84
0.8 1.39
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However, analytical calculations inherently neglect
both the spatial variation in stress triaxiality across the
cross-section and the geometrical evolution that occurs
during tensile deformation. Since stress triaxiality
cannot be measured directly in experiments, it must be
evaluated using FEM simulations. Figure 5 illustrates
the stress triaxiality distributions along the longitudinal
cross-sections of the tensile specimens at the fracture
displacement, as determined by FEM. The stress
triaxiality values differ substantially between the
specimen centre and the lateral regions. Because the
triaxiality is highest at the centre, this location is
identified as the dominant site for damage initiation.

R R 4.85

R 2.25 RO.8

Stress triaxiality [-]
EEE [ .
LhbhbbboooorkR
nNOUTNONUTON U

Figure 5. Distribution of stress triaxiality from FEM analysis

The numerical results demonstrate that the stress tri—
axiality values obtained from FEM deviate significantly
from the analytical predictions. Consequently, analytical
estimates of the JC damage initiation parameters are not
sufficiently accurate, and numerical evaluation is
required.

3.4 Determination of damage parameters Ds, D2, and
D3

The tensile tests were completed under displacement
control using a loading rate of 0.15 mm/s and at room
temperature. Under these conditions, the effects of
strain rate and temperature can be neglected, and the JC
failure model reduces to the following simple form:

g = Dy + Dyexp(Dsn). @)

In this representation, the relationship between frac—
ture strain and stress triaxiality is exponential. The
parameters D;, D,, and D; can be determined by estab—
lishing relationships between fracture strain and stress
triaxiality across various stress states.

To determine these damage initiation parameters,
quasi-static FEM simulations were performed using the
ABAQUS/Standard solver on smooth and notched
round bar specimens with notch radii R of 0.8 mm,
2.25 mm, and 4.85 mm under uniaxial tensile loading.

Initial simulations showed no significant differences
between the 3D and axisymmetric models; therefore, to
reduce simulation time while enabling finer mesh refi—
nement, only the axisymmetric model using the CAX
element type was employed for subsequent analyses. To
ensure numerical accuracy, elements with reduced
integration were omitted. Instead, only fully integrated
CAX4 (four-node bilinear axisymmetric quadrilateral)
and CAX3 (three-node axisymmetric) elements were
used, with hourglass control activated. A prescribed
axial displacement was applied to one end of the
specimen, whereas the opposite end—representing the
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grip region in the tensile experiment—was fully cons—
trained (Figure 6). Consistency between the numerical
simulation and the experimental setup was maintained
by imposing the same displacement loading and extrac—
ting the reaction force at the designated control node.

T mimds

Figure 6. FEM model of quasi-static tension

The damage parameters D;, D,, and D; were deter—
mined through an iterative calibration procedure, in
which the onset of damage predicted by the finite
element simulations was matched to the experimentally
observed fracture strain for each specimen geometry.
After multiple iterations, the parameter set D; = 0.0688,
D, =6.566, and D; = —3.057 was identified as providing
an accurate representation of the experimentally measu—
red initiation of failure. The resulting force—displa—
cement responses obtained from the FEM simulations
exhibit excellent agreement with the corresponding
experimental curves for all investigated cases, as
illustrated in Figure 7. Finally, the JC damage parameter
shown in Figure 8 is obtained. A value of 1 indicates
that the plastic strain has reached the stress triaxiality-
dependent fracture strain limit. The value of this
variable provides a clear picture of the material's reserve
and the point at which failure occurs.

60 7 4

R =0.8 exp. R =2.25exp.
50 4 “ R =4.85 exp. R = o0 exp.
HETIPIPR R =0.8 sim. R =225 sim.

....... R =4.85 sim.
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Figure 7. Tensile force—displacement curves from
simulation and experiment
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Figure 8. Virtual tensile test results

As summarised in Table 1, stress triaxiality inc—reases
as the notch radius decreases. The tensile force—disp—
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lacement curves indicate that the fracture displacement
decreases with increasing stress triaxiality, which corres—
ponds to a reduction in notch radius. To further under—
stand the significant differences in fracture strains caused
by stress triaxiality, the 3D fracture surface morphology
after tensile testing was characterised using a 3D optical
scanner. The fracture surfaces of the tensile specimens
were digitised using a GOM ATOS digital optical sys—
tem. Figure 9 presents the final fracture surfaces of the
tested specimens. The fracture morphologies of all four
1.2709 steel samples exhibited ductile fracture charac—
teristics, including necking and a cup-and-cone shape.
Furthermore, the fracture surfaces of all specimens were
clearly divided into two distinct regions: a central pure
cracking region (highlighted in red) and an outer shear lip
region (highlighted in orange).

{ C =260 mm?2
R =485 mm
P
C=4.62 mm?2

'Jg\ E=225mm
‘ C =630 mm?
”‘\ R=0.8mm
‘ C=11.56mm?2

Figure 9. Fracture surfaces of tensile test specimens,
showing the measured cracking surface areas
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Figure 10. Plot of stress triaxiality vs. cracking fracture
surface

To quantify the fracture surface characteristics, the
scanned surface meshes were analysed using GOM
Inspect and MaterialiseMagics software. The surface
areas of the cracking regions (denoted as C) were deter—
mined. The results demonstrate that the cracking surface
area generally increases with increasing stress triaxiality
(i.e., decreasing notch radius). This trend can be attri—
buted to the enhanced hydrostatic tensile stress under
higher stress triaxiality, which facilitates microvoid
growth and coalescence. Figure 10 presents the relati—
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onship between stress triaxiality and the cracking sur—
face area. A clear linear correlation is observed between
stress triaxiality and the extent of the cracking fracture
surface.

3.5 Determination of damage parameter D,

The strain-rate-dependent failure model parameter D,
was determined by correlating Charpy impact test re—
sults with numerical simulations. Charpy tests were per—
formed using a pendulum-type impact testing machine
with a nominal energy of 300 J, following the ASTM
E23 standard [21]. A striker with a 2 mm tip radius was
employed, and all tests were performed at room tem-—
perature. During impact, the released striker followed a
circular trajectory and delivered kinetic energy to the
specimen at mid-span. In these experiments, the striker
had a mass of 19.147 kg and a speed of 5.59 m/s. Pre—
vious work reported a room-temperature Charpy impact
energy of 119 J for L-PBF maraging steel printed with
the same parameters [12].

The numerical simulation of the Charpy impact test
was conducted as follows. The striker was modelled as a
rigid body, whereas the specimen was assumed to be
homogeneous and deformable. The specimen was
discretised using 3D first-order hexahedral elements
with reduced integration (C3D8R). A locally refined
mesh was generated in the notch region, while a coarser
mesh was used in the remaining areas of the specimen
to reduce computational cost.

The impact load was assigned to the striker with an
initial velocity of 5.59 m/s. The striker had a kinetic
energy of 300 J, consistent with the operating conditions
of the experimental apparatus. Contact between the stri—
ker and the specimen was defined using a kinematic me—
chanical constraint with frictional behaviour, assuming a
friction coefficient of 0.12—a commonly adop—ted value
for steel—steel interactions in engineering applications.

The transient dynamic response was simulated over
a duration of 0.002 s following impact, within which
fracture initiation and propagation occurred for all spe—
cimens. The analysis was performed using the Abaqus/
Explicit solver with automatic time stepping based on
the element-by-element stable time increment. The
FEM model configuration is shown in Figure 11.

Boundary condition which
symbolizes the wall

Boundary condition
to avoid vertical
movement

300 [J] initial
kinetic energy on
hammerhead

Figure 11. FEM model of Charpy impact simulation

The previously calibrated JC constitutive parame—
ters, together with the stress triaxiality-dependent da—
mage parameters (D;—Dj;), were assigned to the Charpy
impact specimen in the numerical model. The strain rate
sensitivity parameter D, was determined through an
iterative calibration procedure, in which its value was
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adjusted until the numerically predicted absorbed im-—
pact energy matched the experimentally measured
Charpy energy.

After several iterations, the optimal agreement bet—
ween numerical predictions and experimental results
was achieved for D, =0.04375. With this parameter
value, the simulated absorbed impact energy was
119.7 J, which was in close agreement with the experi—
mentally measured value of 119 J.

A comparative analysis of the experimental Charpy
impact test and its numerical counterpart indicates that
the simulated response reproduces the essential features
of the physical test, including crack initiation, propa—
gation, and overall fracture morphology, as illustrated in
Figures 12 and 13.
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0.00075 [s] 0.001 [s]
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| >

Johnson-Cook damage criterion [-]
<0.1 0.2 0.3 0.3 0.4 0.5 0.6 0.7 0.8 0.8 0.9 1.0

Figure 12. Simulated fracture progress

Figure 13. Experimental specimen and fracture

4. CONCLUSION

In this study, the mechanical behaviour and impact fra—
cture response of L-PBF-fabricated 1.2709 maraging
steel were investigated through a combined expe—
rimental and numerical approach, with particular emp—
hasis placed on the determination and validation of
Johnson—Cook constitutive and damage parameters.
Based on the presented results, the following conclu—
sions can be drawn:

Quasi-static uniaxial tensile tests on smooth speci—
mens enabled the reliable identification of the Johnson—
Cook constitutive parameters A, B, and n. The model
parameters of the JC constitutive relation, A = 1180
MPa, B =130 MPa, and n = 0.1, for L-PBF 1.2709 steel
were obtained using quasi-static tensile tests.

Tensile tests on notched round-bar specimens with
varying notch radii, combined with finite-element simu—

FME Transactions

lations, proved a practical methodology for determining
the stress triaxiality-dependent damage parameters D,
D,, and D;. The numerical evaluation of stress tria—
xialityproved essential, as analytical estimates deviated
significantly from FEM-predicted values due to geo-
metric evolution and stress redistribution during defor—
mation. The D;, D,, and D; parameters for L-PBF
1.2709 steel were calculated as 0.0688, 6.566, and
-3.057, respectively.

The calibrated Johnson—-Cook damage model suc—
cessfully reproduced the experimentally observed
force—displacement responses for both smooth and
notched tensile specimens, demonstrating its capability
to capture damage initiation under different stress states.

An FEM model of the Charpy impact test was
developed to represent moderately high strain-rate
loading conditions. By iteratively calibrating the strain-
rate-sensitivity damage parameter D, excellent
agreement was achieved between the simulated and ex—
perimentally measured absorbed impact energies.

Additionally, a linear correlation was observed bet—
ween stress triaxiality and the area of the cracking frac—
ture surface, further highlighting the influence of stress
state on ductile fracture mechanisms in the material.
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NOMENCLATURE

AM Additive manufacturing
L-PBF Laser powder bed fusion

FEM Finite element method

IC Johnson-Cook

CNC computer numeric control
CAX3 three-node axisymmetric element
CAX4 four-node axisymmetric element
A initial yield strength

B strain hardening modulus

n strain hardening exponent

C strain rate hardening parameter
T temperature

Troom environmental temperature
Tnelting melting temperature

D, damage parameter 1

D, damage parameter 2

D, damage parameter 3

D, damage parameter 4

n stress triaxiality

o mechanical stress

€ mechanical strain

k3 strain rate

& fracture strain

OJAPEBUBABE IIOHCOH-KYKOBHUX
ITAPAMETAPA 1 TIPOHEHA HEP®OPMAHCH
ITAPITMJEBOI’ TECTA YJAPA 3A YEJINK
1.2709 ITPOU3BEJIEH IOMORY L-PBF

b. Jlepunn, U. Xatom

Jlacepcko ¢dysunonucame y cnojy npaxa (L-PBF) omo-—
ryhaBa cTBapame HAlPEIHUX METAJIHHX JICJIOBA KOje je
TEIIKO KOHBEHIIMOHAIHO IPOU3BECTH. Y OBOj CTYAWJU
onpehenu cy mapamerpu monena [loncon-Kykose (JC)
KOHCTUTYTUBHE penanuje u napamerpu omtehema JC
Mojena oTkasa 3a yenuk 1.2709 npoussenen momohy L-
PBF. KOHCTUTYTHBHHU NapamMeTpy Cy WACHTH()HKOBAHH
W3 KBAa3sHUCTATHUKHUX jETHOOCHHX TECTOBA 3aTe3arba
CIpOBEEHNX Ha TJIATKUM y3opuuma. Hacympot Towme,
napameTpu omrehema 3aBHCHH O] HAloHa W

FME Transactions



TPUAKCH]JATHOCTH ofpeheHn Cy KOpHIIhemeM TeCTOBa
3are3ama Ha y30pLUMa OKPYIJIOT IIHUIKA ca 3ape3oM y
komOnHammju ca FEM cumynanmjama. Kpuse onrtepe—
hema m momepama MoKazajle Cy J00po ciarame ca
eKCIIepUMEHTAITHO Mo0WjeHnM monanuma. [lapamerap
MojeNla OTKa3a 3aBHCaH oJ Op3uHe nedopmanuje
onpehen je xopenanujom pesynrara [llapnujeBor Tecta

FME Transactions

ymapa ca HyMEpHYKHM cuMynanyjama. Ilocturayro je
pasymMHO ciarame u3Mely cumynaiuje W eKcrepru—
MEHTAJHUX pe3yiraTta. Pedynaratu mokasyjy jga mpea—
JIO)KEHH EKCIIEPUMEHTATHO-HYMEPUYKH OKBUD MpYKa
MOYy3/aHy OCHOBY 32 MOJIC/IUPAhbe U KBA3HCTATHYKOT U
yAapHOr ToHamama dequka 1.2709 mnpowsBenaeHOT
nomohy L-PBF.
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