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ABSTRACT

Sagar, Sugrim M.S.M.E., Purdue University, May 2018. Temperature-Dependent
Impact Properties of 3D printed 15-5 Stainless Steel. Major Professor: Jing Zhang.

Since the conception of three dimensional (3D) printing circa 40 years ago, there
has been the proliferation of several additive manufacturing (AM) technologies that
enable its use in everyday applications such as aerospace, medicine, military, oil and
gas and infrastructure. In order to improve its applicability and growth, 3D printed
materials are subjected to the same or even higher levels of scrutiny on its mechanical
behavior as the conventionally manufactured counterpart.

One of the most important mechanical properties is toughness or the ability of a
material to undergo large strain prior to fracture when loaded. The toughness of a
material can be correlated to its impact energy or the increase in internal energy due
to impact.

In this study, the impact properties, including the toughness of 3D printed 15-5
stainless steel were investigated at low temperature (77 K'), room temperature (298
K) and high temperature (723 K') using experimental and numerical modeling of
the Charpy impact test. In addition, ballistic impact simulations were performed to
determine the applicability of 3D printed 15-5 stainless steel in the defense industry.

The 15-5 stainless steel specimens were printed (horizontal-build) using the di-
rect metal laser sintering (DMLS) technique, cooled or heated to the specified tem-
perature, then tested in accordance with the ASTM E23-2016b [1] standard. The
Johnson-Cook (J-C) phenomenological material model and fracture parameters were
used in the numerical modeling. The cross-sectional microstructures of surfaces and
impact energies of the Charpy impact test were examined. For the ballistic impact

simulations, a 3D printed 15-5 stainless steel typical plate was investigated at the



xii

same temperatures as the Charpy impact test. A typical missile using the J-C prop-
erties at room temperature (298 K) was assigned an initial velocity of 300 ms™! for
each plate temperature.

The fracture surface investigation (microsurface analysis as well as visual inspec-
tion) and impact energy values of the Charpy impact test show that the 3D printed
15-5 stainless steel exhibited brittle behavior at low and room temperatures, but tran-
sitioned into a more ductile behavior at high temperature. At 77 K, 298 K and 723
K, the experimental Charpy impact test results were 0.00 J/ecm?, 6.7844.07 J/cm?
and 50.8443.39 J/cm? respectively whereas the simulated impact energy were 1.05
J/em?, 10.46 J/cm? and 47.07 J/em? respectively. Hence, the impact energy for the
experimental and numerical simulations were in good agreement; especially at higher
temperatures.

Consistent with the results from the Charpy impact test, the ballistic impact sim-
ulations show an increase in the impact energy, effective plastic strain and deflection
of the plate with an increase in temperature indicating brittle-to-ductile behavior.
The high exit velocity at low and room temperature may not make the plate attrac-
tive in defense in its current configuration; however, at high temperature, the exit

velocity reduction was significant.



1. INTRODUCTION

1.1 Background
1.1.1 Three dimensional (3D) printing

Three dimensional (3D) printing is a form of additive manufacturing that produces
a 3D object from a 3D model by the controlled deposition of material in successive
layers. This relatively new and rapidly emerging technology is set to revolutionize
manufacturing in the near future.

Although additive manufacturing existed before the 1980’s, the first recognized
published work of Japanese inventor Hideo Kodama detailed the creation of an object
from a 3D model [2] in 1981 and printing of plastic parts by photo-polymerization
from ultraviolet (UV) exposure [3] in 1983. The first patented stereolithography
(STL) 3D printer was invented by Charles “Chuck” Hull (founder of 3D Systems) in
1986 [4].

Since then, several technological processes emerged in 3D printing, such as; pow-
der bed fusion (PBF) | electron beam modeling (EBM), fusion deposition modeling
(FDM) and direct energy deposition (DED). Increase in demand for 3D printing for
rapid prototyping and functional parts requires augmented research into the mechan-
ical performance of its manufactured products. The expectation of the scientist and
the entrepreneur alike is that 3D printed materials would meet or exceed the mechan-

ical properties of the equivalent conventional manufacture.

1.1.2 Charpy impact test

The mechanical property, toughness of a material is its ability to undergo large

strains prior to fracture when loaded and is directly correlated to the impact energy or



the increase in internal energy. Fracture toughness is important because brittle failure
is associated with a rapid propagation of cracking resulting in catastrophic failure.
Augustin G.A. Charpy discovered the experimental impact-pendulum test method for
measuring the toughness of a material in 1901 [5]. However, it was not until World
War II, in which US-built Liberty ships (Fig. 1.1) were appearing to fail prematurely
due ductile-to-brittle transition resulting from warm to cold environment, that the

Charpy impact test gained significant importance [6].

Fig. 1.1. Fractured Liberty ship located at dock. Extracted from [6].

The impact properties of materials is also critical in determining its performance
in high strain rate deformation applications, e.g., ballistics, injection molding, crash-

worthiness and blast loading of structures.



1.1.3 Charpy impact test of 3D printed metals

There is limited published data on the impact properties of 3D printed 15-5 stain-
less steel; especially at cryogenic and high temperatures. Past research has been
concentrated mainly on the effects of printing technique, process parameters and
printing orientation rather than specimen temperature on the impact energy of 3D
printed stainless steel.

Studies on 3D printed 316L stainless steel, which has similar mechanical properties
as 3D printed 15-5 stainless steel, at room temperature by Pitrmuc, Z. et al. [7] and
Hendrickson, J.W. [8] using the direct metal laser sintering (DMLS) technique indicate
an impact energy of 136.0 J/cm? for horizontal built and 41.2 .J/cm? for vertical build
respectively. Furthermore, at room temperature, Sistiaga, M. L. M. [9] found the
impact energy to be 119.5 J/cm? using horizontal build in selective laser sintering
(SLS) prepared specimen whereas the the published conventionally manufactured
equivalent was 114.0 J/cm? [10]. Hence, even if the printing orientation was not
investigated in this study, the predicted impact energy of horizontal-build 3D printed
(DMLS) 15-5 stainless steel is expected to be approximately three times that of
vertical-build.

In this study, the impact properties of horizontal-build 3D printed (DMLS) of
15-5 stainless steel were investigated at low temperature (77 K), room temperature
(298 K) and high temperature (723 K') using a combined experimental and numerical
modeling approach. The impact properties include the impact energy which correlates
to toughness (area under the stress versus strain curve), microsurface investigation
and visual inspection of fractured surface in the Charpy impact test. Numerical
modeling was to performed to corroborate the results of the experimental Charpy
impact test such that a model can be properly calibrated to provide an effective
alternative to the experimental testing as the impact properties can be investigated

at numerous testing temperatures with minimal cost and effort.



1.1.4 Ballistic impact simulations

A ballistic impact simulation was performed as a qualitative analysis of a 3D
printed (DMLS) 15-5 stainless steel plate to determine the real-life application of the
material and to also compare against the experimental and numerical simulations of
the Charpy impact test to determine if there are any trends in its behavior at high
strain rate impact i.e. 300 m/s. Hence, experimental ballistic impact testing was not
included in the scope of this study. Similar temperature and material properties for
horizontal-build 3D printed 15-5 stainless steel used in the Charpy impact simula-
tion were adopted for the missile and plate with the specific aim of determining its
application in the defense industry.

The impact energy, the effective plastic strain and displacement of a typical plate
as well as the exit velocity of a typical missile were investigated in the ballistic impact
simulation to determine whether or not the horizontal-build 3D printed (DMLS) 15-5
stainless steel plate can be used in safely dissipating the kinetic energy of a missile.

The eventual outcome of this study is to determine the suitability of 3D printed
15-5 stainless steel in tool making, medicine, military, oil and gas, infrastructure and

aerospace industries.



2. CHARPY IMPACT TEST - EXPERIMENTAL
PROCEDURE

2.1 Specimen preparation
2.1.1 Chemical composition

The specimens were prepared using 15-5 precipitation hardened (PH) stainless
steel fine powder, termed as “EOS Stainless Steel PH1” procured from EOS (EOS
GmbH Electro Optical Systems, Germany) [11]. The chemical composition of the

powder expressed as percentage by weight is presented in Table 2.1.

Table 2.1.
Chemical composition of 3D printed 15-5 stainless steel [11].

Element % by Weight
Carbon 0.07

Manganese 1.00

Silicon 1.00
Chromium 14.00-15.50
Nickel 3.50-5.50
Copper 2.50-4.50
Molybdenum | 0.50
Niobium 0.15-0.45

Iron Balance




The scanning electron microscopy (SEM) image of the 15-5 stainless steel powder
[12] used for the specimen preparation is shown in Fig. 2.1. An average particle size

of 20 pm can be observed.

Spot !Magn Det WD _— 50 p"m
3.0 500x SE 10.2 Dartmouth E. M. Facility

Fig. 2.1. SEM image of EOS 15-5 stainless steel powder [12].

This type of stainless steel is characterized by high corrosion resistance and ex-
cellent mechanical properties of precipitation hardened state hence is particularly
applicable in the fields of medicine, aerospace, tool making, functional parts and

prototypes.



2.1.2 Preparation of STL file for 3D printing

A geometric model was prepared in accordance with the ASTM E23-16b [1] using
the Computer Aided Design (CAD) software, PTC Creo Parametric 2.0 [13] and saved
as an STL file. The dimensions of the specimen were 10 mm x 10 mm x 55 mm with
a 2 mm deep, 45 degree centered v-notch and a filleted notch apex of radius of 0.25
mm on the long face. Fig. 2.2 illustrates the key dimensions and 3D rendering of the

specimen.

m:
1 B

-0

LEFT VIEW FRONT VIEW

ISOMETRIC VIEW

Fig. 2.2. Typical dimensions and 3D rendering of specimen [13] (di-
mensions in mm).



2.1.3 3D printing of specimen

The Charpy impact test specimens were manufactured using the PBF process
which involve the DMLS technique in the EOSINT M270 machine (EOS GmbH Elec-
tro Optical Systems, Germany) [14] which is equipped with a 200 W single mode Yb
fiber laser of 1070 nm wavelength. The process parameters setting include the laser
power of 170 W, scan speed of 1250 mm/s in the continuous wavelength mode, a
hatch spacing of 100 pm, material layer thickness of 30 um and a laser beam spot
size of ~ 50 pm in diameter [12]. The processing was conducted in an argon envi-
ronment to prevent oxidation during printing. All specimens were manufactured in
the horizontal orientation on the built platform. Fig. 2.3 shows a photograph of the
finished 3D printed specimen ready for the Charpy impact test.

Fig. 2.3. 3D printed specimen.

2.1.4 Mechanical smoothening of v-notch

The 2mm deep v-groove in the specimen was formed by printing instead of ma-
chining, however, the surface within the groove was jagged, hence was mechanically
smoothened using a hand held file followed by manual sanding to ensure that the final

geometry was in compliance with the provisions of the ASTM E23-16b [1].



2.1.5 Heat treatment

The heat treatment of the specimens was for the specific purpose of modifying the
temperature of each to the desired value and were not intended as a traditional heat
treatment such as hot isostatic pressing (HIP), due to the relatively short period of
exposure as compared to longer duration-controlled heating and cooling in common
heat treatment systems. Hence, for this study, age hardening (which requires the
specimen to be subjected to hours of treatment at an elevated temperature) was
considered negligible. Age hardening may be considered for longer exposure time as
shown in published literature [15] on the properties of 3D printed 15-5 stainless steel
using DMLS which indicates a hardness of 25-35 H RC' at as-built condition compared
to above 40 H RC for age hardened specimens (subjected to an elevated temperature
of 763 K maintained for a duration of 6 hours).

Two specimens were prepared for each of the specified temperatures that was
measured by an infrared thermometer, resulting in the printing of a total of 6 speci-
mens. Two specimens were subjected to cryogenic temperatures using liquid nitrogen
for a period of 10 minutes prior to testing at 77 K. Another two specimens were
placed in a furnace and their temperature was raised to 298 K prior to testing and
finally the remaining specimens were left in the oven for 15 minutes until their tem-
perature reached 1000 K, then allowed to cooled to the testing temperature of 723
K. An infrared thermometer was used to measure the temperature of each specimen

immediately before the Charpy impact test.

2.1.6 Testing procedure

The Charpy impact test was conducted at the Mechanical Engineering Labora-
tory, Purdue University, West Lafayette using the SATEC SI-1C universal pendulum-
impact testing machine shown in Fig. 2.4, supplied by Instron, Grove City, PA [16].
After the specimen was heat treated to the desired temperature, the Charpy impact

test was undertaken in accordance with the ASTM E 23-16b [1].
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Fig. 2.4. SATEC SI-1C universal pendulum-impact testing machine [16].

For the pendulum-impact tester used in the experiment, the dial gauge mea-
surement represents the energy absorbed by a simply supported notched specimen
resulting from a striker of mass m free falling through a distance of h. The theoreti-
cal potential energy of the striker, mgh is converted to kinetic energy, 0.5mv? when
released by virtue of free fall due to gravity. Upon impact, a fraction of the kinetic
energy results in an increase in the internal energy of the specimen. This absorbed
energy is correlated to the toughness of the specimen.

In this experiment, the high latch position was adopted; this represents total
energy of 406.7 .J, considering the 30.24 kg striker was raised at 45 degrees to the 12
o’ clock position. Hence given that the diameter of the pendulum was 0.8 m, the total

height, h above the specimen was 0.8 4+ 0.8 x C'osine(45) = 1.366 m. The specimen
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was placed between the two anvils using calipers, and the dial gauge was reset to the
zero position, followed by the release of the striker from the rest position. Following
the breaking of the specimen, the impact energy was measured on the gauge and
recorded.

The temperature of the broken specimen was remeasured for assurance of spec-
ified testing condition. Finally, the brake was applied to ensure that the pendulum
returned to its stable hanging position.

This procedure was repeated for each of the specimens.
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3. CHARPY IMPACT TEST - NUMERICAL MODELING
3.1 Geometry

Similar to the specimen described in Section 2.1 of this report, the main geometry
of the striker and anvil was adopted from the ASTM E23-16b [1] standard. The CAD
model of the striker and anvil were created in the geometrical modeling software PTC
Creo Parametric 2.0 [13] and saved as .iges files. Drawings of the striker and anvil

are presented in Fig. 3.1 and Fig. 3.2 respectively.

— e

| I | '
R0.23
R8

LEFT VIEW FRONT VIEW ISOMETRIC VIEW

Fig. 3.1. Drawing of striker in PTC Creo Parametric 2.0 [13] (dimensions in mm).
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ir

—

LEFT VIEW FRONT VIEW

ISOMETRIC VIEW

Fig. 3.2. Drawing of anvil in PTC Creo Parametric 2.0 [13] (dimensions in mm).

3.2 Modeling software

LS-PREPOST [17], a software that is free for download and use was selected for
modeling geometry, meshing, velocity, boundary condition and material assignment.
This information was written in a keyword or .k file. The keyword file consists of an

array of named columns of data that represents each of the model features.
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3.3 Finite element mesh

The .iges file consisting of the striker, specimen and anvil parts were imported
into LS-PREPOST [17]. Brick solid elements were used for all the imported parts
with further mesh refinement on the specimen, primarily at the impact zone as shown

in Fig. 3.3.

Striker

Mesh refinement zone

/ Specimen

Fig. 3.3. Finite element mesh of striker, specimen and anvil in LS-PREPOST [17].
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The mesh refinement was undertaken by creating a shell element out of a solid face
(side), followed by splitting/dividing the mesh within the impact zone. Triangular
meshes were created to connect the larger mesh with the refined zone. A solid mesh
was achieved by shell dragging through a compartmentalized extrusion through the
thickness of the specimen. Brick solid mesh was used in preference to tetrahedral
mesh because of better accuracy per mesh size for high strain rate application. Some
tetra mesh types exhibit volumetric locking which results in a more rigid response,
further refinement result in increased accuracy with the consequence of higher demand
for computing resources, hence was not considered.

The distance between the striker and specimen was assigned a relatively close

distance i.e. 1.0 mm in order to reduce analysis time.

3.4 Material model
3.4.1 Johnson-Cook constitutive model

In order to capture the effects of high strain rate and adiabatic heating during im-
pact, the Johnson-Cook (J-C) constitutive model [18] was assigned to the specimen
in LS-PREPOST [17] using the *Mat_015 material selection input. The J-C phe-
nomenological flow stress model is not based on traditional plasticity theory, rather,
it consists of a strain hardening component (first expression), strain-rate component
(second expression) and a thermal softening component (third expression) in a mul-

tiplicative manner as shown in Eq. (3.1):

oeps = (A+ BE™") [1 +Cln (i—j)} [1 — (%)m] (3.1)

Where the parameters are defined as follows: o.ss effective stress, 7 effective

. . =P . . . . ~p
plastic strain, <§—0> dimensionless strain rate where £y and € represent reference and

T-T

= | the dimensionless homologous
Tmelth'r

effective plastic strain rates respectively, and (
temperature, in which, T, T, and T,,.; represent the initial, reference and melting

temperatures respectively.
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The J-C constitutive model parameters, A plastic yield stress, B plastic hardening
parameter, n plastic hardening exponent, C' strain rate coefficient and m temperature
softening exponent are all experimentally and numerically determined.

The temperature softening expression shown in Eq. (3.1), represents the effect
on flow stress due to the adiabatic condition caused by plastic work of deformation.
The reference temperature, 7T, represents the temperature of the specimen prior to
testing i.e. 77 K, 298 K and 723 K, whereas the initial temperature, 7" represents the
temperature after impact and is due to adiabatic heating. The maximum reference
temperature, T, was chosen to be significantly lower than the melting temperature,
Tnerr of the specimen, because of the uncertainty of its impact behavior in the exper-
imental Charpy impact test as well as the accuracy of the J-C constitutive model at
near-melting point.

Since the J-C constitutive material model for 3D printed 15-5 stainless steel pa-
rameters were not readily available, the wrought equivalent [19] were used in this
study and are presented in Table 3.1. The values of A, B, n, C' and m were each
investigated for T, values of 77 K, 298 K and 723 K using numerical modeling to
match the behavior of the experimental Charpy impact test; however, the effect of
each constitutive model parameter on the impact energy was found to be negligi-
ble. More accurate values of each parameter may be explored using the torsion test,
dynamic Hopkinson bar test and tensile tests over a range of temperatures [18]. Con-
sistent with the experimental Charpy impact test, the reference values for low, room

and high temperatures were assigned for 7, for each of the simulation.
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Table 3.1.
Johnson-Cook constitutive model parameters for 3D printed 15-5
stainless steel [19].

J-C model parameter used in Eq. (3.1) | Value
A 855 MPa
B 448 MPa
n 0.140

C 0.014

m 0.63

€0 1.0 s7!
Tonelt 1713 K
T, (77 K) 7K

T, (298 K) 208 K

T, (723 K) 723 K

3.4.2 Johnson-Cook fracture model

In order to model the failure characteristics beyond plastic deformation, the
Johnson-Cook (J-C) fracture criteria [20] was used in the *Mat_015 material model
of LS-PREPOST [17]. Fracture occurs when the following fracture parameter, D,

reaches unity as shown in Eq. 3.2:
AgP
D=>" — (3.2)

Where AZ? is small increment of equivalent plastic strain, and e/ is equivalent strain

at failure under given conditions defined by Eq. 3.3:

=p
P B T—T,
=1|D D D 1+Dsln | — 1+Ds | ——— .
o { e B(Ueff)} { T n<50)] { " 5(Tme1t—Tr)} (33)

Where: (Upf f) triaxiality ratio where p is the hydrostatic pressure. The J-C

e

fracture model parameters, D; initial failure stress, Dy exponential factor, D3 triax-
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ility factor, Dy strain rate factor and D5 temperature factor are all experimentally
and numerically derived from the torsion test over a range of strain rates, dynamic
Hopkinson bar test over a series of temperatures and quasi-static tensile test over an
assortment of notched specimens [20].

The J-C fracture model parameters, Dy ~ D3 for 3D printed 15-5 stainless steel
were extracted from published literature [21]. The fracture parameters D, and Ds
were obtained from [20] given the similar fracture mechanism as AIST 4340 steel.

For T, values of 77 K, 298 K and 723 K, each fracture parameter was investigated
whilst keeping the other parameters as well as the J-C constitutive model parameters
constant in the numerical modeling iterations. This approach enabled the determi-
nation of the critical J-C fracture parameters that resulted in the convergence of the
numerical modeling with the experimental Charpy impact test.

The numerical modeling iterations indicated that the impact energy was mostly
affected by D; whilst keeping the J-C constitutive model and fracture parameters
Dy ~ D5 constant. The optimized values of D corresponding to 7, values of 77 K,

298 K and 723 K were -0.600, -0.193 and -0.143 respectively as shown in Table 3.2.

Table 3.2.

Fracture parameters for 3D printed 15-5 stainless steel.
J-C model parameter used in Eq. (3.3) | Value [Ref.]
Dy (T7TK) -0.600
D,(298K) -0.193
D:(723K) -0.143
Dy 3.810 [21]

Dy -1.847 [21]
Dy 0.002 [20]
D5 0.610 [20]
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Further reduction in the value D; at 77 K during the numerical modeling iterations
did not result in a significant change in the impact energy, hence the threshold value

of -0.600 was adopted.

3.4.3 Equation of state

The Johnson-Cook constitutive model requires an equation of state for represent-
ing the behavior of the impacted material, hence a simple linear polynomial equation
of state input was provided in LS-PREPOST [17]. To activate the material model,
the bulk modulus, C; (169.1 GPa) was populated in the input card whilst Cy ~ Cj
were all set to zero. Given that the initial temperature, T is equal to the reference
temperature, T, during testing, the initial internal energy in the input card was set

to zero.

3.4.4 Physical and mechanical properties

The physical and mechanical properties of 3D printed 15-5 stainless steel adopted
from [19] are shown in Table 3.3.

Table 3.3.
Physical and mechanical properties of 3D printed 15-5 stainless steel [19].

Material Property | Value

Density, p 7850 kgm=3
Young’s Modulus, £ | 212 GPa

Poisson’s Ratio, v 0.291
Shear Modulus, G 149.5 GPa
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3.4.5 Modified density of striker

In order to reduce computing effort, part of the geometry of the striker was re-
duced whilst maintaining the relevant impact section geometry in accordance with
the ASTM E23-16b [1]. Given that the mass of the striker used in the Charpy impact
experiment was 30.24 kg, adjustment of the density based on the revised geometry
was necessary to preserve mass. The volume of the striker as shown in Fig. 3.4 is

6212.99 mm? as extracted from Creo Parametric 2.0 [13].

STRIK.RPRT 6B
Volume 6§212.99 mm’

Fig. 3.4. Volume of striker extracted from Creo Parametric 2.0 [13].

Hence the adjusted density of the striker that ensures that the mass is consistent

with the experimental condition is 4.87e¢~3 kgmm 3.
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3.4.6 Initial velocity of striker

The total energy of the striker at any position is the sum of potential energy and
kinetic energy, i.e., mgh + 0.5mv?, where m is the mass of striker, g is acceleration
due to gravity, h is the height of the initial position of striker, and v is the velocity.
Upon impact with the specimen, by virtue of the principle of conservation of energy,
the potential energy is equivalent to the kinetic energy. The initial velocity was
computed by the cancellation of mass on both sides of the equation resulting in the
velocity being a function of the height only i.e. v = v/2gh. Where the height, h was
determined from the experimental Charpy impact test i.e. 1.366 m, the acceleration
due to gravity is taken as 9.81 ms~—2 and the corresponding calculated initial velocity

was 5.18 ms~!. An illustration of the assigned velocity is shown in Fig. 3.5.

5.18 ms!

|

Fig. 3.5. Initial velocity of striker.



22

3.4.7 Rigid body assignment

The striker and anvil were assigned rigid body properties as shown in Fig. 3.6
to simulate experimental test conditions and to mitigate against energy loss in the

System.

Figid Body

Fig. 3.6. Rigid body assignment to striker and anvil.

3.4.8 Boundary conditions

Sliding contact conditions were assigned to the specimen and anvil interface as
shown in Fig. 3.7 and striker and specimen interface as shown in Fig. 3.8. Sliding
contact were used in order to reduce the energy dissipated through interface friction

that would result in reduced impact energy.
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sliding contact

Sliding contact

Fig. 3.7. Sliding contact assignment between specimen and anvil.

3.4.9 Analysis software

The LS-PREPOST [17] keyword (.k) files for each temperature were used in the
structural analysis software, LS-DYNA [22] for the numerical modeling of the Charpy
impact test and ballistic impact simulation. The analyses were conducted using the
supercomputer available through Karst, an integral part of the University Information
Technological Services (UITS) housed in the IU Bloomington Data Center, Indiana.
The LS-DYNA [22] version 1s971s R4.2.1 and revision 53450 software package used in
this study was licensed to Indiana University-Purdue University Indianapolis (IUPUI)
from the Livermore Software Technology Corporation (LSTC). The Intel Fortran 10.1

compiler, Xeon64 platform and an Linux 2.6.2018 operating system were used.
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Shding contact

Fig. 3.8. Sliding contact assignment between striker and specimen.

3.4.10 Supercomputer hardware

Karst comprises 228 general-access compute nodes, 28 condominium nodes, and
16 dedicated data nodes (for separate handling of data-intensive operations). Each
node has an IBM NeXtScale nx360 M4 server equipped with two Intel Xeon E5-2650
v2 8-core processors (Xeon64 systems). Each data node has 64 GB of RAM and 24
TB of local storage. The supercomputer is outfitted with 32 GB of RAM and 250
GB of local disk storage. The memory required to begin solution was 14.59 GB and
additional dynamically allocated memory was 9.55 GB resulting in a resulting total

of 24.15 GB.

3.4.11 Timestep and simulation time

The timestep and simulation time were 1.92351E-08 s and 6265 s respectively.
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4. BALLISTIC IMPACT SIMULATION

4.1 Overview

Ballistic impact modeling of 3D printed 15-5 stainless steel was performed to
investigate its applicability in defense using the impact energy, maximum effective
plastic strain and deformation of a fixed plate as well as the exit velocity of a typical

missile.

4.2 Geometry

A typical 9.0 mm diameter, 45 mm long missile and 1.5 mm thick, 150 mm
wide square sheet were chosen for the ballistic impact study. Due to the difficulty
in trimming and modifying a curved surface in preparation of sweep volume solid
meshing for an IGES file generated from a Creo Parametric 2.0 [13] file, a workable
geometric model was prepared in Dassault Systmes Solidworks 2017 [23]. Details of
the missile and plate are presented in Fig. 4.1.

The techniques used to improve the CAD model in Creo Parametric [13] were
adjusting the precision, manipulating the surface at the tip and minimizing the cur-
vature; however persistent errors occurred when determining a sweepable volume for
solid meshing, hence the reason for switching the geometrical modeling software pack-

ages.



150 —
25 |-
45 —=
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PLATE
MIZEILE

ISOMETERIC VIEW

Fig. 4.1. Drawings of missile and plate in Solidworks 2017 [23] (Di-
mensions in mm).
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4.3 Meshing

Brick solid elements were used to model both the missile and plate. Due to
the presence of multiple sweep volume in the missile, it was compartmentalized by
trimming into individual sweep volume and meshed independently. This was followed
by mesh merging, element duplicate merging and reflecting. Finally, a single part was
created by transferring the individual solid meshed parts. Automatic brick mesh was
selected for the plate, this was followed by further mesh refinement at the impact

zone using a combination of triangular and square meshes as shown in Fig.4.2 .

Plate

Mesh refinement of

impact zone

Fig. 4.2. Finite element mesh of missile and plate in LS-PREPOST [17].
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4.4 Initial velocity of missile

An initial velocity of 300 ms~! based on similar impact studies [24] for typical

rifles was assigned to the missile as shown in Fig. 4.3.

300 ms!

Fig. 4.3. Initial velocity assigned to missile.

4.5 Boundary condition

Fixed boundary conditions were assigned to the edges of the plate as shown in
Fig. 4.4. This simplification of the support conditions was necessary to represent a

plated section of a defense system for simulation purposes. Actual conditions may
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vary based on the geometric configurations of the plate, however was not included in

this study.

Fixed

Fixed

Fig. 4.4. Fixed boundary conditions assigned to plate edges.

4.6 Material model, equation of state and mechanical/physical properties

The input for material model, equation of state and mechanical and physical
properties were repeated from Sections 3.1, Section 3.2 and Section 3.3 corresponding
to the temperatures of 77 K, 298 K and 723 K for the plate. However, the missile
was assigned room temperature properties (298 K) to represent a control that is

consistent for all three plate temperatures.
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5. RESULTS AND DISCUSSION

5.1 Charpy impact test

During impact testing, one of the specimens at room temperature broke prema-
turely, resulting in zero impact energy recorded. In addition, one of the high temper-
ature specimens was observed to be 45 K lower than the correct testing temperature
of 460 k. These specimens were subsequently removed from the recording of the ex-
periment. The consistency of testing for all three temperatures was maintained by

recording a single test result in each of the temperature categories.

5.2 Microstructures of the printed samples at various temperatures

Prior to the Charpy impact testing, microstructures of the specimen cross-sections
were characterized using optical microscopy (OM) and SEM. Different temperatures
affect the microstructure and the mechanical properties of the stainless steel including
its ductility and fracture toughness. The optical microscopic images of three samples
at 77 K, 298 K and 723 K are shown in Fig. 5.1. All of the three samples indicate
dense microstructure with high relative densities (>99%), with very few pores. The
surface textures of room temperature and low temperature samples are very similar,
except that the room temperature one has a few visible pores (Fig. 5.1(b)). When
heat treated at high temperature, large grains are formed (Fig. 5.1(c)), an indication
of grain growth at high temperatures.

The high temperature heat treatment acted as an annealing process, so that the

crystal lattice may relax and a more ordered grain pattern is formed.
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(a) 7T K (b) 298 K

(c) 723 K

Fig. 5.1. OM images(500x magnification) of cross-sections of 3D
printed 15-5 stainless steel.

Detailed microstructures are revealed by the SEM images as shown in Fig. 5.2.
At room temperature (Fig. 5.2(b)), irregular shaped lack-of-fusion pores are observed
due to the insufficient heating by laser source during DMLS process. When the as-
printed sample is subjected to furnace heat treatment, the high temperature acts
in two ways: increase material diffusion rate and lead to thermal expansion. The
surface of the high temperature sample (Fig. 5.2(c)) is smoother, which indicates
that the rough surface is flattened by material diffusion at high temperatures. On

the other hand, due to the thermal expansion, the compressed materials near the
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pore move toward the pore centers, which makes the pore size smaller, and the pore
becomes to be circular. At low temperature, because the diffusion rate is much lower,
the structural change is minimum, therefore the configuration is similar to the room

temperature.

-
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Fig. 5.2. SEM images (5000x) of cross-sections (Scale bars represents 5 um).

In addition to cross-sectional micrographic analysis, the element composition of
samples at three different temperatures were determined using energy-dispersive X-
Ray spectroscopy (EDX) to corroborate the chemical compositions of the supplied
powder. The measured element distributions of the three temperatures are shown

in Table 5.1. Although they were tested under different temperature, the element
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compositions are almost identical with very slightly difference. For all the three cases,
Fe (75.85%-76.06%), Cr (14.80%-14.82%), Ni (4.204.31%), and Cu (3.50%-3.53%) are
the four major elements, Si and Nb are two minor elements that have about 1% weight
percentage in total. The element weight percentages were not sensitive to temperature

in this study.

Table 5.1.
Elements in the 3D printed 15-5 stainless steel samples using EDX.
Weight percentage (%)
Element
77T K| 298 K | 723 K
Si 0.68 | 0.65 0.60
Cr 14.80 | 14.82 14.81
Fe 75.85 | 76.06 | 75.88
Ni 4.31 | 4.20 4.27
Cu 3.53 | 3.51 3.50
Nb 0.60 | 0.59 0.72

5.3 Fracture surfaces after Charpy impact test

5.3.1 Microstructure analysis of the fracture surface

After the Charpy impact test, the microstructures of the fracture surfaces were
analyzed to investigate the fracture mechanisms and the material behavior under im-
pact loading. The fracture surface micrographs of the low temperature sample are
shown in Fig. 5.3. During the impact test, in the fracture region, the direction of
tensile stress is normal to the fracture surface. The flat fracture surface in Fig. 5.3
shows that the fracture propagation direction is nearly perpendicular to the tensile
direction, which is an indicator of brittle fracture. Almost no plastic deformation

can be observed, and the cracks are mostly propagated by cleavage. The fracture
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surface includes both transgranular crack thorough grains, and intergranular crack
along grain boundaries. The recorded impact energy at low temperature is close to
0 J/cm?. Such a low toughness means that temperature 77 K is below the ductile-
brittle transition temperature for the material. The movement of nearby atoms in
the crystal lattice is suppressed by the low temperature, so that long cracks can form

easily, resulting in a brittle fracture behavior.

>
>
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Fig. 5.3. SEM images of fractured 3D printed 15-5 stainless steel
samples (2000x magnification, scale bar represents 10 um).
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Fig. 5.3(b) shows the fracture surface microstructure of the sample tested at room
temperature (298 K). Similar to the low temperature specimen, almost no plastic
deformation can be visualized. Intergranular crack along grain boundaries is the dom-
inant fracture mechanism, and a few transgranular crack evidence can be found. This
is the main difference from the low temperature fracture, where both transgranular
and intergranular crack contribute to the fracture. At room temperature, the tested
impact energy is 6.7844.07 J/em?. Although it is still brittle fracture at room tem-
perature, the higher temperature increases the mobility of the lattice, and long cracks
propagation is partially suppressed. Therefore the impact energy is higher than that

of low temperature.

5.3.2 Comparison between experimental and modeling fracture surface

The fracture surface of the broken specimens were visually inspected to investigate
the failure behavior upon impact. The fracture surface at 77 K was almost linear as
shown in Fig. 5.4 indicating shear or brittle failure as the striker moves through the
specimen. In addition, the maximum effective plastic strain of 0.451 m/m concen-

trated only at the impact point and along the fracture surface was observed.

Effective Plastic Strain
4,505e-01
4.055e-01 ]
3.604e-01
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[ I 0.000e+00_|

0.01 0.02

(a) Experimental (b) FEA simulation

Fig. 5.4. Fracture surface and effective plastic strain at 77 K.
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Hence, based on this qualitative assessment of both the experimental and nu-
merical modeling fracture surface and effective plastic strain, the most brittle of all
specimens was observed at 77 K.

There is a brittle failure of the specimen at 298 K (shown in Fig. 5.5) but the
fracture surface is not linear as the 77 K specimen, indicating that there has been
an increase in ductility. The maximum effective plastic strain of 0.721 m/m is higher
than the value at 77 K but lower than that at 723 K. Hence based on the fracture
surface and effective plastic strain, this specimen exhibited higher ductility than the

77 K specimen but lower ductility than the 723 K specimen.

Effective Plastic Strain
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(a) Experimental (b) FEA simulation

Fig. 5.5. Fracture surface and effective plastic strain at 298 K

There has been predominantly ductile failure of the specimen tested at 723 K
(shown in Fig. 5.6) as the fracture surface is a significant level of convexity. The
effective plastic strain is distributed beyond the refined mesh zone and has a maximum
value of 1.136 m/m. Based on the comparison of the convexity and effective plastic

strain, this specimen behaved more ductile than the 77 K and 298 K specimens.
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Effective Plastic Strain
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(a) Experimental (b) FEA simulation

Fig. 5.6. Fracture surface and effective plastic strain at 723 K

5.4 Charpy impact energy
5.4.1 Experimental

For the experimental Charpy impact test, the recorded impact energy at 77 K, 298
K and 723 K were 0.00 J/cm?, 6.7844.07J/cm? and 50.84+3.39.J/cm? respectively
as shown in Table 5.1. There was a suspected anomaly in the 77 K specimen reading
as the material is expected to absorb some of the kinetic energy that would lead to an
increase in the internal energy, however, it is highly suspicious that the accuracy of
the instrument is insufficient to detect this small change. Energy loss in the system
may be attributed to internal resistance of the gauge, friction in the bearing of the

pendulum, air resistance, sound and slip between the specimen and the anvil.

Table 5.2.
Experimental Charpy impact test results.

Temperature of Specimen, K | Impact Energy, J/cm?
7 0.00

298 6.78+4.07

723 50.84+3.39




38

5.4.2 Numerical simulation

Upon impact, the internal energy rapidly increases and plateaus to a constant
value, as shown in Fig. 5.7. This constant value of internal energy at the peak is
termed as the impact energy. The impact energy at 77 K, 298 K and 723 K are 1.05
J/em?, 10.46 J/cm? and 47.07J/cm? respectively.
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Fig. 5.7. Numerical modeling impact energy at 77 K, 298 K and 723 K
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5.4.3 Comparison between experimental and numerical modeling impact

energy

The impact energy from the experimental and numerical simulation of the Charpy

impact test show good agreement as shown in Fig. 5.8.
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Fig. 5.8. Comparison of impact energy between experimental and
numerical modeling.

The numerical modeling impact energy was expected to be more than that of
the experimental given that rigid body assignments were specified for the anvil and
striker and frictionless surfaces were specified for the specimen-to-anvil and striker-to-
specimen interfaces; and in reality, these may not be totally true for the experimental
Charpy impact test. However, the experimental impact energy was greater than

the simulated values for the room and high temperature scenarios. This may have
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arisen out of modeling errors. Given that nonlinear finite element analysis was used,
the accuracy was dependent on the load increments, at lower load increment, the
analysis time was prohibitively high, however, when these were raised, convergence
was slow. Hence, based on trial and error, the time steps were chosen that would
satisfy both computation time reduction and faster convergence, resulting in some loss
of accuracy in modeling. Other errors include convergence criteria that is inherent in

the structural analysis program and accuracy of the material model adopted.

5.4.4 Impact energy comparison between 3D printed and wrought 15-5

stainless steel

There is limited literature on the toughness of 3D printed 15-5 stainless steel as
well as the wrought counterpart at the temperatures tested. Hence, in this section,
the comparison was made between the impact energy of 3D printed and wrought 15-5
stainless steel at room temperature.

At room temperature, both the experimental and numerical modeled impact en-
ergy of 3D printed stainless steel (i.e. 10.85 J/cm? and 10.46 J/cm? respectively)

measured very well against its wrought counterpart 10.0 J/cm? [25].

5.5 Ballistic impact simulations
5.5.1 Effective plastic strain

The penetration of the missile through the plate at 77 K may be described as a
predominantly shear or brittle failure as shown in Fig. 5.9. The surfaces appeared to
have been sheared by the missile and the effective plastic strain is concentrated only
around the penetration boundary, hence leaving a punched hole. Part of the plate
has also been dislodged as a result of brittle failure upon impact. The effective plastic

strain of 0.57 m/m is the lowest amongst the three temperatures.
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Effective Plastic Strain
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Fig. 5.9. Effective plastic strain of plate at 77 K.

Based on the observation of the fracture surface, the penetration of the missile
through the plate at 298 K may be described as a combination of shear or brittle and
ductile failure as shown in Fig. 5.10. Unlike the punched hole in the plate as in the
77 K plate, part of the impact zone folded and covered the penetration upon exit of
the missile. Also, in comparison to the plate penetration at 77 K, the effective plastic
strain zone extended further beyond the point of penetration. The effective plastic
strain of 1.57 m/m was more than double the value recorded at 77 K but less than

the simulation at 723 K.
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Effective Plastic Strain
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Fig. 5.10. Effective plastic strain of plate at 298 K.

The penetration of the missile through the plate at 723 K may be described as a
predominantly ductile failure as shown in Fig. 5.11. The effective plastic strain zone
is the furthest of all three simulations. Also, the effective plastic strain of 2.48 m/m
approximately five times that recorded at 77 K and one and a half times the value

at 298 K. Therefore, based on these observations, the plate was more ductile at 723

K than at 298 K and 77 K.
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Effective Plastic Strain
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Fig. 5.11. Effective plastic strain of plate at 723 K.

5.5.2 z-displacement of plate

The displacement of the plate in the direction of the missile indicates its ability to
stretch upon impact. This deformation is therefore correlates to the energy dissipation
of a missile, however, excessive deformation may not be desirable due to serviceability
constraints (internal parts and personnel).

The maximum z-displacement of the plate recorded at 77 K was 6.94 mm as
shown in Fig. 5.12. The displacement pattern was circular, indicating that there was
minimal tension field or membrane action. Tension field or membrane action is the
post yield behavior of plates that are subjected to out of plane concentrated loads

and is an indicator of the toughness of a material. In the case of the 77 K specimen,
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the stiffness at the boundaries had minimal influence on the displacement pattern
indicating that tension field action was not predominant, but the direct loading of
the missile.

Z-displacement
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Fig. 5.12. z-displacement of plate at 77 K.

The maximum z-displacement of the plate at 298 K was 10.93 mm which was
nearly double that at 77 K as shown in Fig. 5.13. The displacement pattern indicate
larger displacement towards the center span of the plate, hence the is greater influence
of the tension field or membrane effect than at 77 K. Also, the displacement is
minimal towards the higher stiffness of the corners indicating that there is some
measure of ductility that sustain the tension field, but not sufficient to create an

independent horizontal load carrying system.
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Z-displacement
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Fig. 5.13. z-displacement of plate at 298 K.

The maximum z-displacement of the plate at 723 K was 10.50 mm as shown in Fig.
5.14. This value appeared less than the total deflection of the plate at 298 K, however,
it was observed that generally, there was a larger overall plate deflection, but the point
of exit was not torn as the room temperature plate, the latter of which may indicate
a superficially higher deflection. The displacement pattern indicates predominance of
tension field or membrane action, the in plane effect of this action indicates a large
span between the stiff vertices. The maximum spread of displacement is therefore
between each vertex. This is due to the increase in ductility in the material that
enable the formation of the tension field. Given that tension field or membrane action
acts in plane and not in the direction of the missile,and is a post yield strength of the
plate, an increase in its effect is correlated to an increase in ductility or toughness of

the material.
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Z-displacement
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Fig. 5.14. z-displacement of plate at 723 K.

5.5.3 Exit velocity of missile

Materials used in the line of defense is required to retard or stop a high velocity
missile upon impact, therefore the exit velocity has been investigated to determine
the effectiveness of the 3D printed 15-5 stainless steel. At 77 K the exit velocity

1 as shown in Fig. 5.15, which is relatively high compared to the initial

was 292 ms™
velocity of 300 ms™!; hence, the 1.5 mm thick plate was not effective in significantly

reducing the velocity of the missile.
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Z-velocity
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Fig. 5.15. Exit velocity of missile at 77 K.

At 298 K, the exit velocity was 187 ms~! in Fig. 5.16 which represent about 62
% of the initial velocity of the missile. As with the impact simulated at 77 K, the

exit velocity is still significantly high and may not be desirable in service.
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Z-velocity
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Fig. 5.16. Exit velocity of missile at 298 K.

The exit velocity at 723 K was 102 ms~! as shown in Fig. 5.17 which is 34% of
the initial velocity of the missile. Hence it at high temperature, the 3D printed plate
has significantly reduced the velocity of the missile. However, the missile was not

embedded or necessarily stopped by the plate.
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Fig. 5.17. Exit velocity of missile at 723 K.

It can be observed that generally as the temperature of the plate is increased, the
exit velocity of the missile decreases indicating that greater effectiveness of the plate

in dissipating the kinetic energy of the missile at higher temperatures.

5.5.4 Impact energy comparison

Similar to the Charpy impact test, the impact energy of the plate is analogous to
the that of the specimen. In a ballistic impact simulation, the impact energy gives an
indication of how much kinetic energy of the missile is converted to internal energy
of the plate.

The impact energy recorded at 77 K was 40 J was shown in Fig. 5.18. When

averaging the impact energy, the peak value of internal energy was used as the plate
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was observed oscillating back and forth as the missile exited. At 298 K, the impact
energy of 134 J was more than three times the impact energy recorded at 77 K.
Furthermore, the impact energy at 723 K was 152 J. Hence, similar to the Charpy

impact test, the plate impact energy has been observed to increase at increasing

temperature.
— - 7T K
-——-298 K
150 723 K
—

—_
]
(@]

Internal Energy, J

20

0 21072 4-107%2 6-1072 8-1072 0.1 0.12
Distance moved by Missile, m

Fig. 5.18. Ballistic simulation impact energy at 77 K, 298 K and 723 K.

For both low and room temperatures, the oscillation of the plate indicating there
is kinetic energy in the plate, hence the highest value was adopted assuming that the

maximum internal energy that could be reached by the plate is the impact energy.
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6. SUMMARY

A combined experimental and numerical modeling approach has adopted to investi-
gate the temperature-dependent impact properties of 3D printed 15-5 stainless steel.
The results are summarized as follows:

(1) The microsurface analysis (OM and SEM), visual inspection of the fracture
surface and corresponding impact energy from the Charpy impact test indicate a
transition from brittle to ductile failure of the specimens as the temperature was
increased. Hence, the toughness of 3D printed 15-5 stainless steel increased with an
increase in temperature.

(2) Experimental and numerical modeling impact energy for the Charpy impact
test show good agreement. At 77 K, the impact energy was 0.00 J/cm? whereas
numerical modeling value was 1.05 J/cm?. For the room temperature (298 K), the
experimental recorded impact energy was 6.7844.07 J/cm? whereas the numerical
modeling result was 10.46 J/cm?. Also, at high temperature (723 K), the experi-
mental impact energy was 50.84+3.39 J/cm? whereas the simulated impact energy
was 47.07 J/em?.

(3) The experimental and numerical Charpy impact energy of 3D printed 15-5
stainless steel at room temperature show good agreement with the conventionally
manufactured counterpart.

(4) For the ballistic impact simulation for 3D printed 15-5 stainless steel at low
temperature (77 K), the missile penetrated the plate in a predominantly shear failure
upon visual inspection of the path through the sheet. The corresponding impact
energy of the plate was 40 J which is relatively small compared to the kinetic energy
of the missile upon impact i.e. 1011 J. An effective plastic strain was 0.56 m/m
1

and the maximum deflection was 6.9 mm. The exit velocity was 292 ms™ which is
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close to the initial velocity of 300 ms™!, hence a high percentage of the initial kinetic
energy of the missile was preserved after impact with the plate.

(5) For the ballistic impact simulation for 3D printed 15-5 stainless steel at room
temperature (298 K), a higher impact energy than at (77 K) was recorded i.e. 134
J (more than 3 times that at 77 K). The effective plastic strain and deflection were
almost double the values at 77 K. i.e. 1.57 m/m and 10.93 mm respectively. The

exit velocity of the missile at 298 K was 187 ms~!

which is still relatively high i.e.
approximately 62% of the initial velocity.

(6) For the ballistic impact simulation for 3D printed 15-5 stainless steel at high
temperature (723 K), the highest impact energy amongst the three simulations was
recorded i.e. 152 J. An effective plastic strain of 2.48 m/m was 41% than that
recorded at 298 K, whereas the maximum deflection of 10.50 mm was fractionally
lower due to difference in behavior of penetrated section edges. The exit velocity was
102 ms~! which is substantially lower than the initial velocity but may still be too
high for consideration in defense.

(7) Consistent with the Charpy impact test, the ballistic impact simulation indi-
cate that there is an increase in toughness of the 3D printed 15-5 stainless steel plate
with an increase in temperature. The 3D printed 15-5 stainless steel plates in its cur-
rent configuration may not be effective in significantly reducing the initial velocity of

a missile at the specified temperatures, although generally the exit velocity decreased

with an increase in temperature.
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7. RECOMMENDATIONS

The recommendations for improvement of this study are as follows:

(1) The use of an experimental Charpy impact tester with higher accuracy may be
useful in testing at cryogenic temperatures given the small impact energy anticipated.

(2) In order to determine the holistic behavior of 3D printed 15-5 stainless steel,
it is it may be useful to investigate the impact properties in all possible printing ori-
entations and compare the impact values to conventionally manufactured equivalent
for real-world application where the material may be assumed to be isotropic.

(3) To improve the accuracy and representation of the J-C parameters for 3D
printed 15-5 stainless steel, published literature recommend quasi-static tensile test,
Taylor cone test and dynamic Hopkinson bar test. The design of experiments, curve
fitting and standard optimization techniques may be useful in extracting J-C data
from the tests.

(4) Prepare and print more samples and set up a design of experiment to validate
results and to corroborate the numerical modeling that may then be codified.

(5) It may be useful to explore changing the plate thickness and modifying the
support conditions in order to prevent the missile from penetrating the plate as in
this study, there was full penetration and the minimum exit velocity recorded was

102 ms~! which is significantly high.
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