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Abstract

Laser powder bed fusion (LPBF) process is a type of additive manufacturing technique
which uses a powder bed to form complex metal parts in a layer-by-layer process. This study aims
to understand the damage initiation in the parts manufactured by LPBF process using 304L
stainless steel powder, which is widely used in numerous applications. The tensile specimens were
manufactured using 304LSS powder through LPBF. Tensile specimens with varying notches were
tested to calibrate the parameters of the constitutive Johnson-Cook failure model. To obtain the
strength parameters, the tensile tests were performed at different temperatures and strain-rates. The
material model developed was used in numerical simulation of the tensile tests and compared with
the experimental results.

Keywords: Johnson-Cook damage model; finite element simulation; laser powder bed fusion;
304L stainless steel

1. Introduction

Additive manufacturing (AM) has garnered awareness in recent years given its inherent
design versatility and ability to fabricate complex parts for the automotive, aerospace, and medical
industries in a timely manner[1]-[3]. The AM technology can be grouped into 7 categories, which
include binder jetting, sheet lamination, direct energy deposition (DED), laser powder bed fusion
(LPBF), material jetting (MJ), material extrusion (ME), and vat photopolymerization[4], [5].
Among the available AM technologies, the LPBF and DED has gained more attention given to the
accuracy, precision to manufacture complex geometry. However, some drawbacks associated with
DED include the larger volumes of inert gases and lower resolution of manufactured part compared
to LPBF [5]. The LPBF method has proven to manufacture dense parts of 99.8% relative density
with remarkably fine structure, high degree of accuracy and good resolutions[6]—[8]. The LPBF
process is a layer-by-layer process that utilizes high power laser to melt and solidify respective
layers with powder particles in the range of 15-53um. Studies have shown that the build parameters
in LPBF process significantly influences the structure, invariably, the properties of the final part
manufactured[9], [10].

The understanding of the flow stress behavior of material through modeling is a function

of various parameters not limited to the strain rate, temperature, loading and the structural features
of the material [11], [12]. Generally, constitutive damage models are utilized in the study of the
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mass flow behavior using finite element analysis, given its robust material model and advantage
over other numerical methods in simulation[13], [14]. Several damage models that have been
incorporated into numerical codes, some of which include, the modified Cockcroft-Latham
fracture criterion[15], the Wilkins fracture model[16], the Johnson-Cook damage model[17].
However, the Johnson-Cook material and damage model has been substantially utilized in
industrial setting, using finite element simulation, to model flow behavior of materials at high
strain rates and temperatures[ 18]. The aim of this current work encapsulates obtaining the Johnson-
Cook (JC) damage model parameters for additively manufactured 304L stainless steel. To achieve
this, three sample configurations, with no notch and two different notch sizes, were fabricated and
tested with 0.001 strain rate. Finite element analysis was used to obtain the stress triaxialities for
the three configurations and incorporated to obtain damage model parameters. The comparison
between the developed model and experimentation from tensile testing was evaluated.

2. Materials and Methodology

2.1 Johnson-Cook Damage Model

The Johnson-Cook damage model is a constitutive model used to study the flow behavior
of material and it is a function of the material’s strain rate, stress triaxiality, fracture strain and
temperature[11], [14], [18]. The Johnson-Cook damage model can be expressed as follows:

€eq = (D1 + Dyexp(- D307))(1+ Dyln €.)(1+ D5 T7) (1)
Where D1’ Dz’ D3, D4, D5 are failure parameters, &, is the equivalent strain to failure, &,is the
non-dimensional strain rate, o *is the stress triaxiality and T* is the homologous temperature
given by

T— T,

"= i @

The failure parameters are determined experimentally and is outlined in section 3.

2.2 Materials and AM Parts

For the present study gas atomized 304L stainless steel material with powder range of
ISum - 53um was used to fabricate the test coupons for the Johnson-Cook failure model
parameters. Table 1 delineates the elemental composition of the material in weight percentage. The
fabrication involved the use of the Renishaw AM250 with an effective build volume of
250x250x365mm?>,

Table 1. Elemental composition of 304L SS Powder
Element C N Si Ni Cr Mn Cu Mo P
Wt (%) 10.025| 0.070 | 0.015 | 7.900 | 17.700 | 1.750 | 0.840 | 0.320 | 0.030
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Figure 1. Flow chart depicting methodology for the study.

3. Experimental Testing

3.1 Testing of Unnotched and Notched Samples

The part fabricated for this study included 2mm thick tensile samples printed in the XY-
direction and Z-direction with three different notch configurations which include the unnotched,
the notched radius of 4.8mm, and the notched radius of 2.0mm. The ASTM-ES standard was used

in the fabrication of these samples.
37.5mm

114mm

Figure 2: Tensile coupons with (a) notch radius of 4.8mm (b) notch radius of 2.0mm

Using an MTS systems equipment, tensile tests was done on the 2.0mm notched, 4.8mm
notched and the un-notched sample. Figure 3 shows the tensile test equipment used for the tensile
test.
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Figure‘ 3: MTS frame tensile test equipment

3.2 Design of Experiment

One-way experimental design with the incorporation of a randomized complete block
design (RCB) was used for this study in which the variable factor is the notch radius. Table 2 shows
the experimental design set-up using strain rate and reference temperature of 0.001s™! and 25°C
respectively to obtain a 3-treatment combination design. For each treatment combination, three
replications were done.

Table 2. Experimental design

Notch configuration Notch radius of Notch radius of Unnotched
4.8mm 2.0mm
Strain rate (s™)) 0.001 0.001 0.001
Temperature (°C) 25 25 25

4. Results and Discussion

4.1 Finite Element Model

For finite element simulations, ABAQUS software was used to simulate the model for
verification study of the JC damage parameters obtained from the tests. A linear quadrilateral
element of type CPS4R was used for the meshing. The strength parameters used in this study for
304L SS is the same as reported in our previous study [19] and is shown in Table 3. The simulation
involved subjecting one end to fixed boundary condition and the other end to displacement along
the y-axis.

Table 3. Johnson-Cook strength model parameters obtained for 304L SS

Parameters XY-direction Z-direction
A (MPa) 516.45 491.83
B (MPa) 812.39 571.40

n 0.7042 0.6422

C 0.0117 0.0118

m 0.7383 0.7727
& (s 0.001 0.001
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4.2 Obtaining D1, D2 and D3 Parameters

To obtain the values of D1, D2, and Ds for the JC damage model the fracture strain was
plotted against the stress triaxiality of the 3 different notch configurations[14] as shown in Figure
4. The plot was curve-fitted to Equation (3) to obtain the values of D1, D> and Ds. Table 4 shows
the summary of the results for D1, D2, and D3 in both directions.

Fit Plot

06 o7 08 09
Stress_Tnaality

Figure 4: Plot of fracture strain vs stress triaxiality for 3 different notch configurations.

Curve-fit equation:

f(x) =axexp(=bxx)+c 3)
Table 4. Dy, D> and D3 parameters for XY-direction and Z-direction.
Parameters XY-direction Z-direction
D, 0.2697 0.2232
Ds 7.4534 6.7951
Ds 7.6160 7.1087

4.3 Obtaining D4 and D5 Parameters

D4 and D5 parameters of the JC damage model are considered the strain dependent and
temperature dependent constants. Figure 5 and Figure 6 shows the obtained results for D4 and D5
respectively for XY-direction and Z-direction. To obtain D4, the fracture strain was calculated from
the reference temperature, 25°C, and strain rates of 0.1/s, 0.01/s, and 0.001/s. D5 was obtained
from the fracture strain calculated at a reference strain rate of 0.001/s and temperatures of 25°C,
125°C, and 250°C. Table 5 shows the summary of the results for D4 and D5 in both directions.
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Figure 5. Plot showing the D4, strain dependent parameter for XY-direction and Z-direction.
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Figure 6. Plot showing the Ds, temperature dependent parameter for XY-direction and Z-

direction.

Table 5. D4 and Ds parameters for XY-direction and Z-direction.

Parameters XY-direction Z-direction
Ds 0.2582 0.2595
Ds -7.9365 -7.9684

4.3 Finite Element Modeling and Experimental Results Comparison

Explicit/dynamic simulations using ABAQUS was performed to obtain the finite element
model that was compared with the experimental obtained results. Figure 7 shows both
experimental and simulation complement each other with less than 2% difference in obtained
dimensions which indicates the damage parameters are a good fit.

JCCRT

(Lvg: 75%)
+1.000e400
+92.172e-01
+8.345e-01
+7.517e-01
+6.690e-01
+5.862e-01
+5.034e-01
+4.207e-01
+3.379e-01
+2.551e-01
+1.724e-01
+8.962e-02
+6.862e-03

Figure 7. Comparison between the experimental and numerical simulation.
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5. Conclusion
Johnson-Cook (JC) damage parameters were obtained for 304L stainless steel for the XY-
direction and Z-direction. The JC parameters 304L SS were determined experimentally and
incorporated in ABAQUS to simulate the tensile test model. The result was compared with
experimental results and the comparison showed that the results are close between the
experimental and simulation with a difference within 2%.
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