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Abstract

Many high-rate impact applications in the aerospace industry, such as a fan blade out
event, can induce ductile fracture under loading conditions that are difficult to replicate
experimentally. Varying temperatures and strain rates can influence fracture behavior, but the
primary variable that drives fracture initiation in a ductile material is the state of stress. If
numerical models of applications involving ductile fracture at complex stress states are to be
trusted, it is necessary to develop novel fracture testing techniques that can be used to calibrate
fracture criteria in finite element material models.

A novel test technique is used to induce asymmetric in-plane biaxial tension and out-of-
plane compression. The materials of interest for this test are Titanium 6AIl-4V and Inconel 718.
A small, elliptical shaped punch is advanced into a thin plate of specimen material, inducing an
unequal amount of biaxial in-plane tension. A 1075 steel backing plate is in clamped to the back
surface of the specimen plate, inducing out-of-plane compression. Test parameters such as the
specimen thickness, backing plate thickness, and punch geometry can be varied to alter the stress
state. The commercial finite element code LS-DYNA is used to simulate the test and fine tune
the state of stress in order to optimize the geometries for calibration of fracture models. The
software is also used to validate experimental results and determine the equivalent plastic strain
at fracture in the tests.

Another novel test technique is introduced to induce a state of stress analogous to plane
strain compression. A notched ring geometry is compressed axially in a hydraulic load frame.
Naturally, this induces axial compression. The notch in the center of the specimen causes it to

buckle inward, which induces a small compressive radial stress. Poisson’s effect causes



compressive stress in the tangential direction. The materials of interest for this test are
Aluminum 2024-T351, Titanium 6Al-4V, and Inconel 718. Once again, LS-DYNA is used to aid
in the design of the test geometries, as well as to validate test results and determine the

equivalent plastic strain at fracture in the tests.
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Chapter 1 Introduction

1.1 Motivation and Objectives

Finite element analysis (FEA) is a powerful engineering tool used to simulate and analyze a
wide range of physical phenomena. LS-DYNA, a commercial finite element code developed by
the former Livermore Software Technology Corporation (acquired by Ansys in 2019), is a
popular choice for simulating high-rate impact loading events. Accurately modeling catastrophic
aircraft engine failure events, such as a fan blade out scenario, is of particular interest in the
aerospace industry.

In 1989, the United Airlines Flight 232 DC-10 commercial aircraft experienced an
uncontained fan blade out event that disabled the redundant flight control systems, and the
resulting crash landing killed 112 passengers [1]. The Federal Aviation Administration (FAA)
Aircraft Catastrophic Failure Prevention Program (ACFPP) was created in response to this
tragedy. Uncontained engine failure mitigation has been one of the primary research focuses of
this program since its inception [2]. Unfortunately, uncontained engine failure events continue to
plague aircraft in modern times. A fragment of a fan cowl caused a cabin window to detach from
the plane and cause rapid depressurization of the cabin on Southwest Airlines Flight 1380 in
2018. One death and eight minor injuries resulted from the event [3]. In 2021, United Airlines
Flight 328 experienced fan blade fractures in the right engine which caused significant damage
and an emergency landing. No casualties resulted from this event, but debris falling from the sky
posed a dangerous risk to those on the ground below [4]. Figure 1.1 shows damage from each of
these events. The FAA has collaborated with industry and academia to develop research aimed at

preventing these types of failures. One such collaboration is the LS-DYNA Aerospace Working
1



Group (AWG). The AWG is a team of federal agencies, industry partners, and university
research labs working together to improve numerical modeling of aerospace-related applications

in LS-DYNA.

Lower Aft corner of the
inboard fan cowl —~— &

. A
B

Figure 1.1: (a) Crash site of United Airlines Flight 232, (b) debris and site of detached window

of Southwest Airlines Flight 1380, and (c) fractured fan blades on United Airlines Flight 328

Material model development has been an important research focus for the AWG in recent
years. The group has created tabulated Johnson-Cook material models known as *MAT _224 for
Aluminum 2024-T351 (Al-2024), Ti-6Al-4V (Ti64), and Inconel 718 (In718). The models rely
heavily on mechanical test data at various stress states, strain rates, and temperatures. Stress-

strain relations are input from material characterization test results to model the plastic behavior



of the materials. The equivalent plastic strains at fracture taken from fracture test series are used
to generate fracture criteria, which are modeled using element erosion in simulation.

From ballistic impact validation tests of the original *MAT _224 Al-2024 model, it was
discovered that ductile fracture tended to occur in a state of in-plane biaxial tension and out-of-
plane compression [5]. The original test dataset for Al-2024 lacked data under this state of stress.
Therefore, a modified version of the standard ASTM E643 metallic punch test was introduced to
determine the equivalent strain to fracture under this state of stress [6][7]. A punch made of a
material that can be treated as approximately rigid is advanced into a thin plate of specimen
material. A plate of a suitable thickness and material is placed behind the specimen plate to
induce out-of-plane compression on the back surface of the specimen. When using a
hemispherical punch geometry, the specimen experiences equi-biaxial in-plane tension. When
using an elliptical punch geometry, there is an unequal amount of in-plane tension. Tests with a
hemispherical punch geometry were performed on Al-2024, Ti64, and In718, and tests with an
elliptical punch geometry were performed on Al-2024 [8]. The goal of this research is to
continue this test series by performing elliptical backed punch tests on Ti64 and In718. The test
geometries are optimized through finite element analysis (FEA) in LS-DYNA to find geometries
that would induce useful stress states for the calibration of the Ti64 and In718 *MAT _224
models. Then, the tests are performed and used to determine the equivalent strain to fracture
under the states of stress specified by the design simulations.

Another particularly difficult state of stress to achieve experimentally is one of plane strain
compression. A novel notched ring specimen geometry is proposed to study this state of stress

for Al-2024, Ti64, and In718. Fracture test data for *MAT _224 models under compressive



dominated stress states are sparse. Therefore, material fracture behavior models under
compressive states of stress largely rely on extrapolations from other test data. Because fracture
strains become much higher in compressive states of stress relative to other loading conditions,
these extrapolations are not necessarily reliable. Compression tests using the novel notched ring
design can provide insights into the equivalent strain to fracture under a state of plane strain
compression. This data can then be interpolated to calibrate *MAT _224 material models to better
predict fracture under other compressive states of stress.
1.2 Literature Review
The theory behind *MAT _224 is based on the well-known Johnson-Cook

phenomenological material model [9]. In this model, the von Mises flow stress & is given by

o =[A+B(E)"][1+ CIné*][1 — (T)™] (1.1)
where A, B, n, C, and m are material constants. A, B, and n are strain hardening constants; C is

the strain rate hardening constant; and m is the thermal softening constant. &, is the equivalent

plastic strain. ¢* is the dimensionless plastic strain rate defined as the ratio of plastic strain rate

€, to a reference strain rate of €y = 157! (¢* = Z—”) T* is the homologous temperature defined
0

as T* = — where T is the material temperature, T, is a reference temperature (usually defined

m T

as room temperature), and T, is the material melting temperature.
Johnson and Cook also implemented fracture criteria based on damage accumulation.

Damage D is defined by

D=y (1.2)

€



where A€P is the increment of plastic strain accumulated over one numerical integration cycle
and €£ is the equivalent plastic fracture strain of the material. Once D = 1, the material fractures.
The fracture strain as a function of stress, strain rate, and temperature is given by

& = [Dy + D, exp(D3a™)][1 + Dy In(€M][1 + DsT*] (1.3)
D;, D,, D3, D,, and Dg are material constants. D;, D,, and D5 scale the fracture strain in such a

way that fracture strain decreases as hydrostatic tension increases. The hydrostatic tension is

related to the stress triaxiality o*, defined as the ratio of mean stress o, to von Mises equivalent
stress g (0" = %’”). Increasingly positive values of triaxiality correspond to greater hydrostatic

tension, whereas increasingly negative values of triaxiality correspond to greater hydrostatic
compression. Equation 1.3 only holds for ¢* < 1.5. D, and Dg account for strain rate effects and
temperature effects, respectively.

One major disadvantage of the Johnson-Cook model is the decoupled nature of strain
hardening, strain rate, and temperature. Each of these variables are independent of one another.
Therefore, the model cannot capture any changes in strain hardening behavior due to combined
rate and temperature effects. *MAT _224 accounts for this by using tabulated stress-strain curves
[5]. Rate-dependent hardening curves based on experimental data are tabulated in the function
ky(€, ,€,). Temperature dependent hardening curves are tabulated in the function k. (&, T).

The effects of strain rate and temperature are then coupled by a new flow stress function:

ke(epT) (1.4)

5 = kl(e_p ) Ep) kt(g‘p,TR)
Another limitation of the Johnson-Cook model is its assumption that fracture strain
exponentially decreases with increasing triaxiality, which is not necessarily true. Bao and
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Wierzbicki [10], through mechanical testing of Al-2024, found that equivalent fracture strain
exponentially decreased with increasing triaxiality and reached a minimum at ¢* = 0 (pure
shear), increased up to ¢* = 0.4, then exponentially decreased again in the high triaxiality range.
Barsoum and Faleskog [11] addressed this issue by including a deviatoric stress parameter
known as the Lode parameter along with stress triaxiality to determine fracture criteria. The

Lode parameter u is defined by

§= 20,—01—03 (15)

01-03
where a1, g,, and g5 are the principal stresses such that o; = g, = g5. Through combined
tension and torsion tests of alloyed steel double notched tube specimens, they found that at high
stress triaxialities, fracture is driven by void growth and internal necking. At low triaxialities,
fracture is driven by void shearing. Therefore, it was concluded triaxiality alone was not
sufficient to characterize fracture. A deviatoric stress state parameter was also needed,
particularly at low triaxialities. This conclusion supports the findings of Bao and Wierzbicki
[10], Wierzbicki et al [12], and Gao and Kim [13]. Wierzbicki et al [12] defined a similar

deviatoric stress state parameter L, also called the Lode parameter, as

—2%71s
L== (1.6)
J5 is the third invariant of the deviatoric stress tensor. This is the definition used in *MAT _224,
and is the definition utilized for the remainder of this text.

To account for Lode parameter dependence on fracture, *MAT _224 defines plastic

fracture strain as

& = f(a*,L)g(&)h(Mi(l, 0% L) (1.7)



The function f defines the plastic fracture strain as a function of triaxiality and Lode parameter.
The functions g and h scale the fracture strain according to strain rate and temperature,
respectively. The function i scales the fracture strain according to the characteristic length of the
elements used in the FEM model [, triaxiality, and Lode parameter [5]. It is important to note
that *MAT _224 defines triaxiality as follows:
ot =" (1.8)

This definition differs by a negative sign from the definition found in most of the literature, but
this is the definition that is used going forward since it is the relevant definition for calibration of
LS-DYNA’s *MAT 224 material model. Therefore, increasingly positive values of triaxiality
correspond to increasingly compressive hydrostatic stress, whereas increasingly negative values
correspond to increasingly tensile hydrostatic stress.

Under plane stress conditions, it can be shown that the Lode parameter and triaxiality are

related via the following cubic function:

_ 27« 2 1
L==0"(o ) (1.9)

Under the plane strain condition, the Lode parameter is zero. These relations are useful when

examining the stress space visually, such as in Figure 1.2.
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Figure 1.2: Stress space under plane stress and plane strain conditions

Mechanical testing in the high triaxiality range has historically been a challenging task in
the field of experimental mechanics. In the traditional plane strain compression test introduced
by Watts and Ford [14] and commonly used in many plane strain compression studies
[15][16][17], the outer surface is traction free, meaning it is free to expand out-of-plane. Thus,
the triaxial stress experienced by elements on this surface is more tension-dominated. Because
the outer surface is not in a state of plane strain compression, digital image correlation (DIC), an
optical technique used to measure surface displacements, cannot be used to measure full field
displacements near the stress state of interest. Also, it is difficult to tell where exactly the fracture
would initiate using this test setup. Although this test can provide useful insights into plasticity,

it is not an ideal candidate for a fracture test. The typical test setup is illustrated in Figure 1.3.



Figure 1.3: Plane strain compression test schematic

Alternative test setups have been used to induce high triaxialities. Wang et al [18]
developed an apparatus to test medium-density sands under plane strain compression loading.
The cubic specimen was compressed from the sides in a pressure vessel. Axial loading was
generated by a servomotor and ball screw system. Tempered glass was used on the front and
back of the specimen to prevent out-of-plane displacements. Because the front surface was
prevented from displacing out-of-plane and cameras could view the specimen through the glass,
plane strain compression was maintained on the outer surface and DIC could be used to measure
full-field displacements. This setup is useful for relatively weak and brittle materials with low
yield stresses, but impractical for high-strength ductile metals such as Al-2024, Ti64, and In718
due to the large pressures that would be required to deform the specimens and the much higher
loads that would be needed to induce fracture.

Kubik et al [19] utilized cylindrical specimens with spherical recesses to find the fracture

strains of Al-2024 and AISI 1045 steel under high stress triaxialities. The recess induces high
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triaxialities in the center because the specimen deforms inward instead of barreling outward as in
a typical cylindrical specimen compression test. Average stress triaxialities and Lode parameters
were found through numerical simulations. For the recessed cylinder geometry, average
triaxialities of 0.485 and 0.473 were found for AISI 1045 steel and Al-2024, respectively.
Average Lode parameters were found to be -0.688 and -0.687 for AISI 1045 steel and Al-2024,
respectively. In general, average triaxialities and Lode parameters are computed with respect to

equivalent plastic strain, such that

ot == fgfe o*d€é (1.10)
ep o p
L=2 % Lae (L.12)
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Chapter 2 Experimental Techniques

The experimental specifications for the elliptical backed punch test and notched

compression ring experiments are presented. All specimens are fabricated from the same 12.7

mm plate stock used in previous fracture testing for *MAT _224 models [20][21][22][8]. The

same plate stock is used to eliminate the potential for variable material properties resulting from

manufacturing processes. Tables 2.1, 2.2, and 2.3 summarize the chemical compositions of each

material. The In718 plate is precipitate hardened via the procedure shown in Table 2.4.

Table 2.1: Chemical composition of Aluminum 2024-T351

Si Fe Cu Mn Cr Zn Ti \ Zr Al
0.08 0.22 4.47 0.59 1.37 0.01 0.18 0.02 0.01 bal
Table 2.2: Chemical composition of Titanium 6Al-4V
Al \Y Fe @) C N Ti
6.64 4.04 0.13 0.19 0.011 0.006 bal
Table 2.3: Chemical composition of precipitate hardened Inconel 718
C Mn P S Si Ni Cr Mo | Co Cu Al Ti Cb B Fe Ta
0.048 | 0.08 | 0.008 | 0.0001 | 0.072 | 52.6 | 18.32 | 287 | 0.2 | 0.034 | 054 | 1.02 | 494 | 0.0029 | 19.25 | 0.01
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Table 2.4: Heat treatment procedure for precipitate hardened Inconel 718

Description Time (hours)
Hold constant temp at 718 °C 8
Furnace cool at 55 °C per hour 1.76
Hold constant temp at 621 °C 8

Three-dimensional (3D) digital image correlation (DIC) is integrated into each test. DIC
is an optical technique used to measure surface displacements. The relevant functionality of DIC
used in this work is described here. A comprehensive overview of DIC can be found in Sutton et
al [23]. A contrast is applied to the test specimen surface, typically in the form of a black and
white speckle pattern. As a test specimen is deforming, it is photographed. These images are then
taken into the DIC software package VIC-3D, where the area of interest in the image is divided
into small areas called subsets. A user-defined step size determines the number of pixels between
each subset center. A correlation function is implemented that uses the grayscale of each pixel to
track the displacements of the subsets. Strains can be derived from these displacements. Since
the strains are computed over a very small area, they are smoothed over a group of points using a
decay filter worth 10% at the edges. The size of this group of points is defined by the strain filter,
another user-defined parameter. Thus, the actual length over which strains are computed is the
step size times the strain filter. Multiplying this value by the physical length of each pixel gives
the physical length over which strains are computed, known as the virtual strain gauge length
(VSGL).
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2.1 Elliptical Backed Punch

The experimental design and test procedures for the elliptical backed punch tests are
closely modeled after work by Spulak [7][8]. An iterative numerical study is performed in LS-
DYNA to select test geometries, and then the tests are conducted using a custom punch test setup
in a servohydraulic load frame. In previous work, hemispherical backed punch tests were
performed on Al-2024, Ti64, and In718, and elliptical backed punch tests were performed on Al-
2024. This study continues this test series by performing elliptical backed punch tests on Ti64
and In718.

The necessary components of the backed punch test setup consist of a rigid punch, a thin
specimen plate, and a thin backing plate. The backing plate material should be sufficiently thick,
have a lower yield stress, and have higher ductility than the specimen material to ensure it
deforms appropriately and does not fracture before the specimen. The backing plate and
specimen are clamped together, and then the punch is advanced into the specimen. Figure 2.1

illustrates the basic setup.

_— Backing Plate

T

Clamp Fixtures 1":}

f— 5
——— Specimen

- Small Diameter Punch

Figure 2.1: Backed Punch Test Schematic
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The exact geometries for the punches, specimens, and backing plates are determined via
numerical analysis in LS-DYNA. This analysis and justification for the final geometries are
explained in section 3.1. The punches used are made of hardened 4340 steel and have elliptical
geometries. Both have minor diameters of 2 mm. One has a major diameter of 4 mm, and the
other has a major diameter of 6 mm. Drawings are provided in Figure 2.2. The 2x4 mm punch is

hardened to about 50 HRC, whereas the 2x6 mm punch is hardened to about 45 HRC.

76.20

| a) @11.43 b)

Figure 2.2: a) 2x4 mm Punch Geometry and b) 2x6 mm Punch Geometry

The specimens are manufactured out of the 12.7 mm plate stock using wire electrical
discharge machining (EDM). The backing plates are cut out of annealed sheets of 1075 spring
steel with a waterjet. The specimen and backing plates are clamped together using bolts and a

custom die-clamp fixture. They are designed to have identical side lengths. General dimensions
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are shown in Figure 2.3. The only variable dimension is the plate thickness. The side lengths are

designed to be as short as possible in an effort to conserve material.

‘-SX 1/4-20 CLEARANCE HOLE DESIRED THICKNESS
. L I
1B D .
' ~ S
<
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~ e
| 2
. ~=00s
SRR o) I

Figure 2.3: Specimen and backing plate dimensions in inches

The tests are conducted using a 250 kKN capacity MTS 793 servohydraulic load frame.
The entire setup is pictured in Figure 2.4. The custom fixture is fixed in the frame using
hydraulic wedge grips. Hydraulic wedge grips are also used to fix the punch to the frame’s
actuator. Two separate methods are used to load the specimen. Half of the specimens are loaded
continuously to fracture, and half are loaded sequentially to fracture. For the continuously loaded
tests, the punch is advanced into the specimen at a speed of 0.085 mm/s. The punch is lubricated
with Teflon spray. The surfaces in contact between the backing plate and specimen are lubricated
with the same Teflon spray. A black and white speckle pattern is spray painted on the back
surface of the backing plate for the use of 3D DIC. Two Point Gray Gazelle GZL-CL-41C6M-C

digital cameras equipped with 35 mm lenses are used to take images of the specimens throughout
15



the duration of the tests. Because the view of the specimen back surface is blocked by the
backing plate, fracture initiation cannot be observed optically in the continuously loaded tests.
To help detect fracture, an acoustic emissions (AE) detection system is integrated into the setup.
Two piezoelectric transducers are attached to the test fixture using a rubber band. A small
amount of vacuum grease is applied to the transducers to help with adhesion and enhance signal
strength. These transducers convert vibrations to voltage signals. The voltage signals are then
passed through a preamplifier and into a Micro 1l PCI-2 AE System. If the magnitude of the
signal is greater than a set decibel threshold, the software registers the signal as a “hit.” Hits can
be used to identify the onset of fracture by examining the associated energy of the hit. Energy, in
this context, is defined as the integral of the rectified voltage signal over the duration of the AE
hit [24]. Its units are voltage-time. AE hits from external noise not related to fracture can occur
during the tests, but these can usually be distinguished from hits related to fracture by examining
the energy. Energy from hits due to fracture are typically much larger in magnitude than hits due

to other sources of noise.
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Figure 2.4: Continuous punch test setup: a) cameras, b) punch, ¢) AE sensors, d) specimen and

backing plate (clamped in fixture)

For the sequentially loaded tests, the back surface of the specimen is spray painted with a
black and white speckle pattern instead of the backing plate. This allows for 3D DIC on the
specimen back surface. To protect the speckle pattern from degrading due to contact with the
backing plate, a thin layer of clear M-Bond 200 cyanoacrylate strain gauge adhesive is applied
over the spray paint after allowing at least 24 hours for the paint to cure. The punch is advanced
0.254 mm into the specimen at a rate of 0.085 mm/s. The punch is then retracted, and the
specimen is removed from the test fixture. The specimen is placed in a separate fixture where the
same Point Gray Gazelle cameras with polarizing filters are positioned to capture an image of the
back surface. A polarized light source is used to illuminate the specimen. The polarized filters

and light source reduce the effect of glare caused by the Teflon spray used to lubricate the
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specimen. This loading and unloading process is repeated until fracture is observed. Observing
the initial fracture usually requires viewing the specimen under a microscope. AE detection is

not used for these tests. Figure 2.5 shows the sequential test setup.

Figure 2.5: Sequential punch test setup: a) cameras, b) polarized light source, and ¢) specimen

2.2 Notched Compression Ring
The notched compression ring experiment is first performed on Al-2024 after it was
designed through numerical analysis at George Mason University (GMU) [25]. After the initial
experiments, additional numerical analyses are performed to compare the Al-2024 tests to
experiments and design similar tests for Ti64 and In718. Additional tests are then conducted on

all three materials.

18



The Al-2024 geometry designed at GMU is shown in Figure 2.6. Various manufacturing
methods are used to machine the specimens. The most efficient method used is wire EDM to cut
out cylindrical ring blanks through the thickness of the 12.7 mm plates, followed by turning on a

lathe to cut the notches.

Figure 2.6: Al-2024 notched compression ring original design (dimensions in mm)

The ring is placed between two tungsten carbide platens fixed to the same MTS 793
servohydraulic load frame used in the backed punch tests. Steel platens are also used for some of
the tests, but tungsten carbide is preferred due to its higher stiffness. The loads seen in these tests
are very high, and this can cause the more compliant steel platens to experience some plastic
deformation, particularly when testing In718. A black and white speckle pattern is spray painted
on the front of each specimen to allow the use of DIC. The surfaces in contact between the rings
and the platens are lubricated with grease. The actuator compresses the specimen at a rate of

0.005 mm/s for the initial tests. The rate is increased to 0.010 mm/s in later tests. The tests are
19



carried out until a significant drop in the measured load is observed. In later tests, AE sensing is
implemented using the same system described in section 2.1. Two Point Gray Gazelle GZL-CL-
41C6M-C digital cameras equipped with 50 mm lenses are used to take images for 3D DIC. The

setup is shown in Figure 2.7.

Cameras for DIC
. §'~ = ..-r* 1w

»
-
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Specimen

Figure 2.7: Notched compression ring test setup
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Chapter 3 Numerical Analysis

3.1 Elliptical Backed Punch

Numerical analysis in LS-DYNA is performed to select test geometries that induce stress
states within the unpopulated regions of the fracture surfaces of Ti64 and In718. The test is
modeled using quarter symmetry with 0.15 mm constant stress hexahedral solid elements with
reduced integration. The punch and clamps are modeled as rigid materials using LS-DYNA'’s
*MAT_020 material model. Nodal displacements and rotations in the normal directions of the
symmetry surfaces are constrained to maintain quarter symmetry. The outer circumferential
surface nodes are all fixed to mimic the clamped boundary condition in the test. The clamps are
fixed in place. The punch is assigned a prescribed motion in the direction normal to the specimen
surface and constrained in all other directions. All contacts are modeled using the
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE card with no friction since the punch-
specimen and specimen-backing plate interfaces are lubricated during the tests. Figure 3.1

displays the mesh.

21



Figure 3.1: Sample backed punch test quarter symmetric simulation

The initial design simulations are conducted using *MAT _024, a piecewise linear
plasticity model, for the specimen and backing plate. The specimen materials of interest are Ti64
and In718. AISI 1075 steel is used as the backing plate material for both specimen materials.

Elastic constants and densities used for these materials are summarized in Table 3.1.

Table 3.1: Elastic constants and yield stresses of simulated materials

Material Elastic Poisson’s Yield Stress | Density
Modulus Ratio (MPa) (kg/m?)
(GPa)
Ti64 110 0.342 718.15 4430
In718 210 0.29 996.68 8190
1075 Steel 200 0.29 342,51 7850
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The post-yield behavior of each material is derived from stress-strain data from uniaxial
tests using the process outlined in Park et al [5]. The stress-strain curves derived previously in
the development of *MAT _224 models of Ti64 and In718 [21][22][26][27] are used. Uniaxial
tension data is used to derive the In718 curve. Two separate curves are used to model the Ti64
behavior: one derived from uniaxial tension data and one from uniaxial compression data. Ti64
exhibits asymmetric behavior in tension versus compression. Because this test induces
combinations of tension and compression, both curves are tested to determine which produces a
better match to the test data. In the interest of time and to match previous work [8], the design
simulations only utilize the compression curve for Ti64. Tension tests were performed on
annealed 1075 steel by Spulak [8] and used to derive the material’s post-yield behavior. The
uniaxial tension tests were simulated using the *MAT _024 models, and the true stress-strain

responses are shown in Figure 3.2.
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Figure 3.2: Plastic stress-strain responses for materials used in the backed punch tests (Ti64

curve is derived from compression data)

Simulations with varying specimen and backing plate thicknesses are performed. The
evolution of stress state on the center element on the back surface of the specimen is examined
and compared for each simulation. The goal is to obtain triaxialities between -2/3 and 1/3 and
Lode parameters roughly between -1 and 0. It is also desirable to keep the values of triaxiality
and Lode parameter as constant as possible throughout the duration of the test. It is impossible to
obtain a perfectly constant triaxiality and Lode parameter for the entire duration of the test, but
keeping them relatively consistent makes the data more useful for calibrating the fracture
surfaces in the numerical models. The Lode parameter is found to be more variable than the
triaxiality. It always starts at -1, increases a bit, and then shows some oscillatory behavior for the

remainder of the loading. The Lode parameter should be -1 for a state of axisymmetric
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compression. This is why the Lode parameter remains -1 for the entire duration of hemispherical
backed punch tests. The elliptical punch geometry appears to initiate axisymmetric out-of-plane
compression at the start, but the eccentricity of the punch causes the Lode parameter to be drawn
away from a value of -1 as the punch advances and deviatoric stresses are more pronounced.
Accepting the variability of the Lode parameter, the focus of the design turns to maintaining
relatively constant triaxiality. With thicker backing plates, variation in triaxiality increases.
Thicker backing plates induce more out-of-plane compression, leading to higher initial
triaxialities. However, as the test progresses and deformations become larger, in-plane tension
begins to dominate, and the triaxiality falls back into the negative region of stress space. An
example of this behavior on a Ti64 simulation is shown in Figure 3.3. The triaxiality increases to
about 0.3, which corresponds to uniaxial compression. It then decreases to around -0.4. This high
variability makes it practically difficult to implement this data into a ductile fracture model since

the data needs to be somehow translated to a point on a fracture surface.
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Load Path: Ti64 2x6mm Punch, 1.27mm Specimen, 3.175mm Backer
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Figure 3.3: Load path for Ti64 specimen with backer plate to specimen thickness ratio of 2.5

Another target of the design is to keep the load path as far from the left side of the plane
stress curve as possible. Previous fracture test series [21][22] have produced data along this
curve, so obtaining data in a new, more sparsely populated area of the fracture surface would be
more useful for calibrating Ti64 and In718 material models. Test geometries are selected based
on these criteria and shown in Table 3.2. The geometries and load paths of these designs are
shown in Figures 3.4-3.6 with previous fracture test points overlaid. A comprehensive list of the

load paths from each simulation is in Appendix A.
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Table 3.2: Selected Punch Test Geometries

Material Punch Geometry Specimen Thickness Backing Plate
(mm) (mm) Thickness (mm)
Ti64 2X6 0.635 1.27
Ti64 2X6 1.27 1.575
In718 2x4 0.635 0.889

Load Path: Ti64 2x6mm Punch, 0.635mm Specimen, 1.27mm Backer
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Figure 3.4: Load path with previous fracture test points overlaid for 0.635 mm (thin) Ti64

specimen
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Load Path: Ti64 2x6mm Punch, 1.27mm Specimen, 1.575mm Backer
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Figure 3.5: Load path with previous fracture test points overlaid for 1.27 mm (thick) Ti64

specimen

Load Path: In718 2x4mm Punch, 0.635mm Specimen, 0.889mm Backer
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Figure 3.6: Load path with previous fracture test points overlaid for 0.635 mm In718 specimen
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3.2 Notched Compression Ring

The notched ring concept is extended to Ti64 and In718 after reviewing numerical
analysis done at GMU for Al-2024. The first steps are to ensure the specimens converge to the
desired stress state (6" ~ 0.6, L ~ 0) in the center and that the load levels are within the practical
range of the MTS Model 661 22H-01 force transducer used in the tests, which is rated for up to
250 kN. The primary variable that affects load level is the inner diameter, which determines the
minimum wall thickness of the specimen. Various wall thicknesses are modeled using the full
specimen geometry with 0.15 mm solid elements. For Ti64, constant stress solid elements with
reduced integration are used. For In718, fully integrated solid elements are used. The choice in
element formulation is based on the recommendations for each material’s respective *MAT 224
model. Material model calibration for Ti64’s *MAT 224 was done using constant stress solids
with reduced integration. For In718, material model calibration for *MAT _224 was done using
fully integrated solids. To ensure consistent results, the same element formulations used in the
calibration should be used in any application. The same Ti64 and In718 *MAT _024 models used
in the punch test simulations are used to model the specimen materials. Only the Ti64
compression curve is used, as this test induces a highly compressive state of stress. Platens are
used to compress the specimen and are modeled as rigid using *MAT _20. The top platen is fixed
in place, and the bottom is fixed in every direction except the direction of axial displacement. A
prescribed velocity of 5000 mm/s is applied on the bottom platen in this direction to compress
the specimen. The loading rate is high to decrease simulation run times. Simulations are also

conducted at lower and higher rates, and it is determined that 5000 mm/s is the highest rate that
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can be used before results differ due to inertial effects. The contacts are frictionless, as the

specimen-platen contact surfaces are lubricated during the tests. Figure 3.7 displays the mesh.

Figure 3.7: Sample notched ring full simulation mesh

The drawings in Figures 3.8 and 3.9 show the chosen final geometries after testing
geometries with wall thicknesses of 1 mm, 1.25 mm, 1.5 mm, 1.75 mm, and 2 mm for each
material in simulation. The chosen Ti64 and In718 specimen geometries have minimum wall
thicknesses of 1.5 mm and 1.25 mm, respectively. It should be noted that specimens with 1 mm
wall thickness are also physically tested. In a Ti64 test with 1 mm wall thickness, fracture is
observed on the inner part of the ring, as shown in Figure 3.10. Fracture likely occurs on the
outer circumference first and then propagates through the thickness at about 45°, which is
consistent with failure in shear. Nevertheless, a thicker wall is used for both Ti64 and In718 to

protect against severe buckling and fracture in undesirable regions of the specimen.
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Figure 3.9: In718 notched compression ring specimen (dimensions in mm)
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Figure 3.10: Fracture on inner ring surface on Ti64 specimen with 1 mm wall thickness

To confirm the specimen geometry with a 1.25 mm wall thickness would not induce too
much buckling, the damage accumulation is compared on the inner ring surfaces. In order to
track damage accumulation, fracture strains had to be considered. Thus, the *MAT _224 models
of Ti64 and In718 available on the Ansys AWG website [28] are used to model the specimen’s
fracture behavior, but the same stress-strain curves are used to model plasticity. It should be
noted the In718 model is not publicly available at the time of this writing. In Figure 3.12, the
damage is plotted over time along a slice of elements in the highly damaged region of the inner
ring surface as shown in Figure 3.11. The damage accumulation plots clearly indicate a reduction
in maximum damage in Ti64 from 0.90 to roughly 0.57 when transitioning from the 1 to the 1.5
mm wall. The damage is not nearly as high in the In718 specimen with a 1 mm wall, but the wall

thickness is increased to 1.25 mm anyway to be conservative. Increasing the thickness of the
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In718 specimen to 1.5 mm would have generated loads greater than the 250 kN threshold, which
is why a 1.25 mm wall is chosen instead. The force-displacement responses predicted by the

*MAT_024 simulations for the notched ring tests are shown in Figure 3.13.

Region of
interest

Figure 3.11: Region of interest for damage accumulation

33



Element History

1 Element History 6
(b l

0.4

Figure 3.12: Ti64 damage accumulation on inner surface of specimens with 1 mm wall (left) and

1.5 mm wall (right)
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Figure 3.13: Simulated force-displacement responses for Ti64 (left) and In718 (right) notched

compression rings

34



The stress state analysis is done through mesh convergence studies. Symmetry is
exploited by only modeling a cross-section of the specimen with volume weighted axisymmetric
solid quadrilateral elements, as shown in Figure 3.14. Mesh sizes used are 0.15, 0.10, 0.05, and
0.025 mm. The *MAT _024 material models are once again used to model the specimen, and the

platens are modeled as rigid.

L — <4 Specimen

Figure 3.14: Sample notched ring axisymmetric mesh

The state of stress at the center element tends to become unstable at large strains. The
triaxiality and Lode parameter remain relatively constant at values near 0.6 and 0, respectively,
for the majority of the simulation times. However, both the triaxiality and Lode parameter begin
to exponentially increase near the end of the simulations. As element size decreases, the onset of
instability is delayed. This trend is illustrated in Figures 3.16-3.23. High element distortion
coupled with severe buckling, as shown in Figure 3.15, likely causes the unstable state of stress.

The localized deformation in the center requires small elements to properly capture the material
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behavior. Thus, it is desirable for the test specimen to fracture before the onset of the localized
element distortions. From this information, it can be reasonably concluded that the physical state
of stress experienced at the center of the specimen has an approximately constant triaxiality near
0.6 and an approximately constant Lode parameter near 0, at least until the onset of high local
strains in the center of the specimen. As long as fracture in the tests occurs before the onset of

instability in the simulation, the fracture strain can reliably be determined.

Figure 3.15: Deformed specimen. Elements in center are clearly distorted.
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Ti64 Compression Ring (0.15 mm elements)
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Figure 3.16: Stress state parameters for Ti64 notched ring with 0.15 mm elements
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Figure 3.17: Stress state parameters for Ti64 notched ring with 0.10 mm elements

37



Tié4 Compression Ring (0.05 mm elements)
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Figure 3.18: Stress state parameters for Ti64 notched ring with 0.05 mm elements
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Figure 3.19: Stress state parameters for Ti64 notched ring with 0.025 mm elements
38



Figure 3.20:

Figure 3.21:

In718 Compression Ring (0.15 mm Elements)
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In718 Compression Ring (0.05 mm Elements)
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Figure 3.22: Stress state parameters for In718 notched ring with 0.05 mm elements
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Figure 3.23: Stress state parameters for In718 notched ring with 0.025 mm elements
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An Al-2024 notched ring numerical model is also created to compare with test data. The

material model is derived from uniaxial tension data in the same manner as the Ti64 and In718

*MAT _024 models referenced in section 3.1, and the properties are displayed in Table 3.3. A

mesh convergence study is not necessary, as this was previously performed at GMU [25]. A full

simulation is constructed using the same mesh and boundary conditions as the Ti64 and In718

models.
Table 3.3: Al-2024 elastic properties
Material Elastic Modulus Poisson’s Ratio Yield Stress Density
(GPa) (MPa) (kg/mm?)
Al-2024 70 0.339 381.19 2600
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Chapter 4 Results and Discussion

The numerical and experimental results are both used to estimate the equivalent plastic
strain to fracture under the states of stress induced by the elliptical backed punch and notched
compression ring tests. An approach similar to work by Spulak [8] and Seidt et al [29] is used.
Strain and force-displacement response data from both tests and simulations are compared along
with local strain data near the fracture locations. If the tests agree with the simulation, then the
plasticity model used in simulation is considered accurate. Once the plasticity model is
confirmed to be accurate, the triaxiality, Lode parameter, and equivalent plastic strain extracted
from simulation are assumed to represent the physical phenomena present in the tests. This
assumption is necessary since the stress state parameters cannot be directly measured. Although
the plastic strain at the fracture location can be estimated from displacements measured through
DIC in some instances, it is generally considered best practice to take the simulated plastic strain
value at fracture as the fracture strain, even if it differs slightly from the test value. This ensures
consistency when calibrating the fracture surface in the material model. The fracture strain in
simulation should correspond with the same load and displacement observed at fracture in the
tests.

Average stress state parameters weighted with respect to the equivalent plastic strain
increments are computed and used to estimate the point on the fracture surface where the fracture
strain corresponds to. This is not necessarily the most accurate way to calibrate a stress-state
dependent fracture model, particularly when the triaxiality and Lode parameter vary significantly
throughout the experiment, such as in the backed punch tests. Monitoring the damage

accumulated through each increment in the load path and ensuring damage reaches unity at the
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point fracture occurs in the tests would provide the most accurate way to model fracture for a
particular load path. However, using average stress state parameters is a much simpler approach
that provides generalized insight into the performance of current *MAT _224 fracture models
near the stress states of interest without the need for a more time-consuming numerical study. In
the case of the notched rings, the stress state remains relatively constant throughout the duration
of the tests. Thus, the value of the equivalent plastic fracture strain should remain relatively
constant throughout the test duration. The damage accumulates under a constant state of stress
for each time step, allowing for a more direct comparison to the fracture surfaces.

Certain precautions must be taken when comparing strains between DIC test data and LS-
DYNA simulations. First, the Hencky strain tensor is used for all DIC strain computations in this
work. However, LS-DYNA does not currently allow a Hencky strain tensor output. Instead, the
software stores the corotational integral of the strain rate tensor. This is equal to the symmetric
part of the velocity gradient. These two definitions are identical for the cases of uniaxial tension
and compression. However, the two definitions are not comparable in general, especially in cases
with large shear strains or large rotations. Because the backed punch and notched compression
ring tests do not exhibit large shear strains or large rotations at the fracture locations for the
coordinate systems defined in simulation and DIC, the measured DIC and simulated strain values
can be reliably compared. Furthermore, the virtual strain gauge length (VSGL) and element size
should match when comparing measured and simulated strains. This ensures the strains are
computed over the same physical area in the tests and simulations. To account for this, all
simulated strains are averaged over an appropriate number of elements to match the area the

elemental strains are computed over to the VSGL.
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Other strain outputs of interest for both experiments are the three principal strains: €,, €,,
and e5. VIC-3D outputs two in-plane principal strains. The third principal strain can be found by
assuming material incompressibility during plastic deformation, which means the trace of the
strain tensor must be zero. This also assumes negligibly small elastic strains. Therefore,

€3 =—(61 +€) (3.1)
From these principal strains, the equivalent plastic strains from the test can be computed. The

equivalent plastic strain is defined as

& = [dé,dt = [ |>deldeldt (3.2)

where deipj is the plastic strain increment tensor. This is computed incrementally over each time

integration cycle. Using a strain increment tensor derived from the principal strains,

6= BI((5) + () + (2)) e @3
This claim is technically only valid for the sequentially loaded punch tests. Whenever a principal
strain is computed by DIC in the sequentially loaded tests, it is necessarily due to plastic
deformation. In general, principal strains incorporate both elastic and plastic strain. However,
strains computed in the actual tests are derived from the material in an unloaded state. Therefore,
all of the elastic strains are inherently eliminated. For the notched rings, the elastic strains are not
eliminated because these tests are loaded continuously. However, they are much smaller than the

plastic strains, so the influence of elastic strains in the tests is negligible.
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4.1 Elliptical Backed Punch
The force-displacement responses for the elliptical backed punch tests are plotted in
Figures 4.1-4.3. The repeated drops in load observed in the sequentially loaded test data are due

to the unloading and reloading of the specimen.
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Figure 4.1: Force-displacement responses for the Ti64 thin specimen test
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Figure 4.2: Force-displacement responses for the Ti64 thick specimen test
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Figure 4.2 shows one thick Ti64 sequential test is carried out well beyond initial fracture.
The load is clearly lower in this test after initial fracture than the continuous tests. It is
hypothesized that the initial fracture occurs near the same displacement in the continuous tests
compared to the sequential tests, and the load drops seen in the continuous tests are caused by
more catastrophic crack propagations. To test this hypothesis, additional continuous tests are
performed on each Ti64 geometry, but they are terminated at approximately the same
displacement values where fracture occurs in the sequential tests. The thin specimen is loaded to
a displacement of 1.8 mm, and the thick specimen is loaded to a displacement of 1.6 mm. These
additional continuous tests both exhibit small cracks, as shown in Figure 4.4, confirming the
continuous and sequential tests fracture at the same displacement. Thus, the sequential loading is
not significantly altering the material response, and the DIC strain data from the sequential tests
can reliably be compared to the simulation strain data. Because Ti64 exhibits asymmetric
behavior in tension and compression and these tests induce a combination of tension and
compression, two separate numerical models are included: one derived from uniaxial tension
data and one from uniaxial compression. Both simulation responses are slightly stiffer than what
is observed in the tests, but the tension curve produces a slightly closer match to the test data
than the compression curve. Thus, the data from the tension curve simulations are used for

further analysis and determination of the equivalent plastic strain to fracture.
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Figure 4.4: Cracks on surface of additional Ti64 continuous punch tests: a) thin specimen and b)

thick specimen

The In718 simulation predicts significantly more stiffening than the tests. This is likely
due to punch compliance in the actual tests. The 4340 steel punch may deform elastically,
causing lower loads. This invalidates the assumption of punch rigidity, and future simulations
may need to assume an elastic modulus for hardened 4340 steel to match the force-displacement
responses. Although the strain data is unlikely to match at similar load values, the equivalent
plastic strain at fracture can still be estimated if the strain histories agree as a function of punch
displacement. A load drop is visible in two of the continuous tests and occurs at about 3 mm of
punch displacement. One of the continuous tests is stopped at about 2.78 mm of displacement,
and this test does not exhibit a drop in load. The tests that show a drop in load exhibit fracture on
not only the specimen, but also on the backing plate. The test stopped before the load drop
exhibits fracture on the specimen, but it does not exhibit fracture on the backing plate. Therefore,

it can be concluded that the drop in load corresponds to a fracture on the backing plate, and
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fracture on the test specimen occurs just before this drop in load at a displacement of about 2.78

mm. Figure 4.5 shows the crack on the specimen.

Figure 4.5: Fracture on In718 specimen where loading is stopped before load drop

Although the In718 continuous and sequential tests behave approximately the same for
the duration of the tests, it is clear that the loads in the sequential tests are slightly lower than the
continuous tests near the onset of fracture. In two sequential tests, a sharp load drop is visible.
The softening and load drop behaviors can be seen in Figure 4.6. No backing plates fracture in
the sequential tests, which indicates the drop in load is due to the specimen material fracturing.
While the softening behavior exhibited near fracture in the sequential tests is not ideal, the
material still behaves the same way in the continuous and sequential loading cases for the
majority of the test duration. This lends credibility to the claim that the displacements measured
through DIC in the sequential tests are representative of the displacements on the specimen

surfaces in the continuous tests.
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Figure 4.6: Softening and sharp load drop in In718 sequential test

There can also be some difficulties when attempting to spot the onset of fracture in the
sequentially loaded tests. The specimen surface is examined for fracture after each loading
increment, but the adhesive layer can cause the paint to stay intact and cover up a small crack. If
fracture is not visible, the test is continued. Thus, the initial crack can be missed. In the In718
test titled Seg-N1, no load drop is visible in the force-displacement curve, but a small crack is
still visible on the specimen surface. This indicates that the material likely fractures during the
loading increment before the load drop in the other two tests. The DIC image before the drop in
load is thus taken as the final frame when estimating the equivalent plastic strain to fracture.

The AE data for the Ti64 thin specimen tests all exhibit a high-energy event at a load of
approximately 4500 N, as shown in the plot of normalized cumulative hit energy in Figure 4.7.
Upon examination of Figure 4.1, it can be seen that the tests exhibit a slight drop in load around

4500 N. This indicates some fracture is almost certainly occurring at this time. However, it has
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been shown that the initial fracture occurs at a lower load, so this high-energy AE hit combined
with the load drop observed at about 4500 N is likely caused by a larger, more catastrophic crack

propagation. The energy from the initial fracture is not large enough to distinguish from external

noise.
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Figure 4.7: Normalized cumulative AE hit energy as a function of load for the Ti64 thin

specimen test.

The remaining tests yield inconclusive results from the AE data. There are no consistent
spikes in AE hit energy, as shown in Figures 4.8 and 4.9. The registered AE hits appear to be due
to extraneous noise. It is unclear why the Ti64 thin specimen tests show clear evidence of
fracture, but the thick Ti64 specimen tests do not. It is possible that the sensors were placed in

slightly different locations on the test fixture for the thick specimen tests. If the sensors were
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placed farther away from the specimen, the vibrations emitted from fracture would have to travel
through more material, introducing a higher probability the energy from fracture could be
damped out. Because the specimen is thicker, the vibratory waves inherently have to propagate
through more material. This issue could be avoided in future experiments by fabricating larger
specimens and backing plates, which would allow at least one sensor to be attached directly to
the backing plate surface. For the purposes of these experiments, specimens were designed to use
the least amount of material as possible, but larger backing plates could have been designed to

allow for better AE sensor placement.
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Figure 4.8: Cumulative AE hit energy for Ti64 thick specimen tests
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influences which element the stress load path should be extracted from in simulation. It is
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The location at which fracture initiates is significant for these tests because the location

Figure 4.9: Cumulative AE hit energy for In718 tests
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difficult to tell exactly where fracture initiates in the tests, but upon examination of the post-test

images (Figures 4.10-4.12), it appears the cracks initiate along the major diameter of the punch.

In the simulations, this would correspond to multiple elements. However, because the center

element is placed under the most in-plane tension, it is reasonable to assume this is where the
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fracture would initiate. This is because fracture strains generally decrease as triaxiality decreases.
Thus, it is assumed that fracture initiates in the center and then quickly propagates along the
punch major diameter as the punch is advanced, justifying the extraction of stress state history
from the center element in simulation. This also maintains consistency with the design

simulations, as stress states were fine-tuned based on the center elements.

Figure 4.11: Post-test images of Ti64 thick specimens: a) continuous and b) sequential test
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Figure 4.12: Post-test images of In718 specimens: a) continuous and b) sequential test

To validate the plasticity models are accurately capturing the physical material behaviors,
strain data along line slices of elements in the simulations can be compared to line slices of DIC
strain data in the tests, as shown in Figure 4.13. The maximum principal strains are extracted
along both the major and minor diameters of the punches for each test. The simulated and
measured values are plotted at similar punch displacement values along the punch major and

minor diameters in Figures 4.14 and 4.15, respectively.
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Figure 4.13: Sample line slice locations from a test specimen
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Figure 4.14: Maximum principal strain along major diameter
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Figure 4.15: Maximum principal strain along minor diameter

It is evident that there is some DIC data dropout at high displacements. The contact
between the specimen and backing plate can cause some of the paint to be scraped off, as shown
in Figure 4.16. The large out of plane displacements also create radial cracking in the
cyanoacrylate adhesive layer that protects the speckle pattern from smearing and flaking off.
Furthermore, strain increments are large because these tests are loaded sequentially. These

factors all introduce potential for DIC error and dropouts.
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Figure 4.16: Example of paint flaking off and radial cracking in the adhesive layer

The Ti64 thin specimen tests show reasonable agreement with the simulation. The
simulation over predicts the strains at low displacements and under predicts them at high
displacements. For the Ti64 thick specimen, the strains align at high displacements, but once
again the simulation under predicts the strains at lower displacements. In the case of In718, the
strains align well early on, but the experimental strains are larger than the simulated values at
high displacements. It is reasonable to assume the strains may be a bit higher in the tests near the
onset of fracture due to strain localization that the plasticity models are not capturing. Elastic
springback behavior will cause the strains to be slightly lower in an unloaded state compared to a
loaded state, but the elastic strains should be small compared to the plastic strains. The imperfect
matches at lower displacements are likely driven by small errors in both the DIC measurements

and plasticity models. The stress-strain relations are derived from uniaxial test data, so they
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cannot be expected to perfectly predict the material response in such a complex loading case.

Simplified boundary conditions and slight geometric differences also introduce some error.

Lastly, any anisotropy due to the plate rolling directions are not considered in either test or

simulation. Considering the potential for errors, it is concluded that the tests and simulations are

generally in agreement.

The principal strains at the point of fracture are plotted in Figures 4.17 and 4.18. For most

tests, most or all of the DIC data survive the duration of the test, allowing a direct comparison of

strains at the fracture location between test and simulation.
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displacement

The simulated and experimental principal strains all show reasonable agreement. Once
again, it is important to note the experiments are performed with interrupted loading. This
explains why the experimental strains start out a bit flatter than the simulated values. While the
deformation is still elastic, the test data will show zero strain because the DIC images are taken
in an unloaded state. There is also some inherent error in the DIC strain computation based on
the chosen DIC parameters. Because strains are computed over a very small area, values can

vary significantly among neighboring points. The strain filter helps alleviate this issue, but the
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data can still be noisy depending on the size of the strain filter. The smallest possible strain filter
of 5 was used in data processing for these tests to maintain a small VSGL, so noise is expected in
the local strain computations. Therefore, perfect agreement cannot be expected, but both test and
simulation should follow the same general trends. While the strain increases linearly, the lines
should be approximately parallel. In Figure 4.17, once the load begins to flatten and the strains
continue to increase exponentially, the test data deviate from the simulations. This is most likely
due to strain localization as the material nears fracture, but paint flaking near the area of fracture
as shown in Figure 4.16 can also artificially alter the DIC strains. In Figure 4.18, the strains are
plotted as a function of punch displacement. There is good agreement between test and
simulation for each test. There is some evidence of strain localization in the thin Ti64 test, but
overall the simulation appears to capture the strain history well.

Next, the plastic strains are analyzed. The equivalent plastic strains are computed from
the principal strain increments using the process described in the introduction to this chapter.
These are plotted along with the stress state histories from the simulations in Figure 4.19. The
data are truncated at the displacements where fracture occurs in the tests. The equivalent plastic
strain at this point in the simulation is taken as the estimated equivalent plastic strain to fracture

for the stress state of interest.
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Figure 4.19: Stress state and plastic strain history for backed punch tests

It is evident that the plastic strains in the tests take a bit longer to start accumulating than
they do in the simulations, especially for the Ti64 tests. It is possible the yield strengths in the
simulations are slightly lower than the physical yield strengths in the tests. This is especially
plausible for Ti64 since it is known to exhibit significantly asymmetric behavior in tension
versus compression. In this combined loading state, the actual yield strength is unknown, so it is
reasonable for the onset of plasticity to differ in the tests and simulations. Regardless, the Ti64

plastic strains show similar behavior in the tests and simulations for both the thin and thick
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specimens, so extracting the fracture strain from simulation is still valid. The In718 test data

show excellent agreement with the simulation. Although the force-displacement responses differ,

the fracture strain can still reliably be estimated because the simulation accurately predicts the

equivalent plastic strains in the tests. The simulations are truncated once the punch displacement

at fracture matches the displacement at fracture in the simulation. The average stress state

parameters are calculated, and the equivalent plastic strain from the simulation is taken as the

estimated fracture strain. Results from each test are summarized in Tables 4.1-4.3. It is important

to note that some or all of the fracture strains for a given test may be identical. This is because

the strain at fracture is only extracted from the sequentially loaded tests. Therefore, if each test

fractures at the same loading increment, as in the Ti64 thick specimen case, then the fracture

strain will be identical for each since the simulation is truncated at the same displacement.

Table 4.1: Ti64 thin specimen fracture results

Avg Lode |Avg Fracture Strain [Fracture Strain in *MAT_224 Disp at Fracture Load at Fracture
Test Parameter|Triaxiality [from Test Fracture Surface (mm) (N)
Seq-N2 -0.3452] -0.2768 0.3321 0.454 1.778 3781
Seq-N3 -0.3551] -0.2657 0.3045 0.455 1.651 3621
Seq-N4 -0.3452| -0.2768 0.3321 0.454 1.778 3968

Table 4.2: Ti64 thick specimen fracture results

Avg Lode |Avg Fracture Strain |Fracture Strain in *MAT_224 Disp at Fracture Load at Fracture
Test Parameter [Triaxiality [from Test Fracture Surface (mm) (N)
Seq-N1 -0.4932| -0.3159 0.3413 0.457| 1.524 6383
Seq-N2 -0.4932| -0.3158 0.3413 0.457| 1.524 6548
Seq-N3 -0.4932| -0.3158 0.3413 0.457| 1.524 6574
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Table

4.3: In718 fracture results

Avg Lode |Avg Fracture Strain |Fracture Strain in *MAT_224 Disp at Fracture Load at Fracture
Test Parameter [Triaxiality [from Test Fracture Surface (mm) (N)
Seq-N1 -0.6259| -0.4437 0.7003 0.6423 2.921 5702
Seq-N2 -0.6259| -0.4437 0.7003 0.6423 2.921 5782
Seq-N3 -0.6451| -0.4336 0.5759 0.6812 2.667 5262

For the Ti64 thin and thick specimen tests, the fracture strains obtained from the tests are

lower than the values on the Ti64 *MAT _224 fracture surface. The average fracture strain for the

thin specimen tests is 0.3229. *MAT _224 predicts an average fracture strain of 0.454 for the

average stress states induced by the tests. This is a 40.6% error assuming the experimentally

determined value is the true value. Each Ti64 thick specimen test yields the same fracture strain

of 0.3413. The model’s fracture surface has a fracture strain of 0.457 at the stress state of

interest, indicating a 33.9% error in the model. There is clear potential for fracture surface

calibration based on this test data. Hemispherical backed punch tests on Ti64 performed by

Spulak [8] showed a fracture strain of 0.47 for an average Lode parameter and triaxiality of -0.98

and -0.25, respectively. The new thin test has a similar triaxiality, but a significantly lower

fracture strain. Therefore, it is evident the Lode parameter has a significant impact on the

fracture strain at triaxialities between -0.25 and -0.32. This is consistent with the theory behind

modern fracture models, as fracture strains tend to decrease as the stress state deviates from

axisymmetric loading. The influence of deviatoric stresses become more prevalent as the Lode

parameter approaches 0, and increasing distortion and encouraging fracture.

The In718 *MAT _224 fracture surface appears to be a more accurate reflection of the

ductile fracture behavior for the states of stress induced by the In718 elliptical backed punch
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tests. The average fracture strain from the test data is 0.6588, and the average fracture strain from
the model is 0.6553. This is a negligible percent difference of 0.53%. Previous backed punch
tests on In718 yielded inconclusive results [8]. The specimens became excessively thin when
loaded in a sequential manner, causing premature fracture in relation to continuously loaded
tests. For the new tests, a thinner backing plate is used, which induces less compression. This
allows fracture to occur in a more tension-dominated stress state before excessive thinning due to
In718’s high ductility causes premature failure. Also, the elliptical geometry pulls the Lode
parameter away from -1, which evidently lowers the equivalent plastic strain at fracture
significantly. The referenced work yielded lower limits on the fracture strain for In718. For an
average triaxiality of -0.23 and average Lode parameter of -0.95, the lower limit to the fracture
strain was determined to be 2.21. For an average triaxiality of -0.08 and average Lode parameter
of -0.96, the lower limit to the fracture strain was determined to be 2.28. For the elliptical backed
punch tests on In718, the average triaxiality is -0.4403, and the average Lode parameter is
—0.6323. As mentioned above, the average fracture strain for this stress state is determined to be
0.6588. The fracture strain for In718 is clearly highly sensitive to the state of stress in this area of
the fracture surface. It is likely that the decrease in triaxiality and deviation from a Lode of -1
relative to the previous work have a compounding effect in lowering the fracture strain.

As expected, the thin Ti64 specimen test induces a higher triaxiality than the thick
specimen test. In the thin specimen test, the backing plate is twice as thick as the specimen;
whereas in the thick specimen test, the backing plate is 1.24 times thicker than the specimen. The
higher backing plate thickness ratio induces more out-of-plane compression, and thus a higher

triaxiality. The In718 test experiences the lowest triaxiality with a backing plate to specimen
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thickness ratio of 1.4. Although this ratio is greater than that of the Ti64 thick specimen test, the
In718 test still induces a lower triaxiality. This is because the thick 1.27 mm Ti64 specimen
induces more compression through the actual thickness of the specimen than the thinner 0.635
mm In718 specimen.

It is worth noting again that taking the average stress state values is not the most accurate
way of comparing the tests to the fracture model. In reality, the damage of each element in
simulation is accumulating based on the state of stress in each time step. This is why one of the
goals in the test design phase was to maintain as constant of a triaxiality and Lode parameter as
possible. This is also why the average triaxialities and Lode parameters are computed with
respect to equivalent plastic strain. This ensures the stress states under which the most damage
would be accumulated have the highest weight when computing the average. These
considerations make taking the average stress states a valid approach to evaluating the current
fracture model while avoiding the cumbersome approach of monitoring the damage evolution
through each loading increment.

4.2 Notched Compression Ring

Examination of the force-displacement curves in the notched ring tests is the first step in
validating the plasticity models used for the simulations. As shown in Figures 4.20 and 4.21, the
Al-2024 and Ti64 test results showed excellent agreement with the simulations. However, in
Figure 4.22, the In718 simulation predicts a significantly stiffer response than what is exhibited
in the tests. Although the Ti64 and Al-2024 force-displacement responses show reasonable
agreement between test and simulation data, it is evident that the slope of the tangent modulus is

a bit higher in the simulations as the curves flatten in the tests. At this point, the strains are likely
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localizing as the material approaches fracture, causing strains to be slightly higher near the

fracture location than what is predicted in simulation.
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Figure 4.20: Force-displacement responses for Al-2024 notched rings
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Figure 4.21: Force-displacement responses for Ti64 notched rings
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Figure 4.22: Force-displacement responses for In718 notched rings
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It is difficult to see exactly when fracture occurs in the DIC images due to the nature of
this compression test. Compression generally inhibits void growth and coalescence, and even
when a crack does initiate, it can be too thin to clearly see in the images. The specimen does not
clearly section itself as it would in a standard tension test. Also, the spray paint on the specimen
can become smeared, wrinkled, or flake off, making it optically challenging to identify a crack.

An example of wrinkling is shown in Figure 4.23.

Figure 4.23: Example of paint wrinkling on an In718 specimen

Additionally, the acoustic emissions data obtained from these tests fail to capture the
initial fracture. The energy emitted from the initial crack is too small to distinguish from external
noise. The AE data can only reliably be used to identify a larger, more catastrophic fracture
event. For example, in one of the Ti64 tests, the test is continued after the initial load drop for a
few seconds, leading to severe buckling and crack propagation. This generates a relatively high-
energy AE hit, as shown in Figure 4.24. A very small jump in AE hit energy can be seen in
Figure 4.24 that appears to correspond to the drop in load. This jump could be due to the initial
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fracture, but unfortunately this phenomenon is only observed in this particular test. The
remaining tests do not show the same jump in energy near the load drop, so it cannot be
concluded that this jump in energy corresponds to fracture. One limitation of this test setup is the
inability to place the sensors in direct contact with the specimens due to their curved geometry. If
reliable AE data is to be obtained in the future, it may be worth considering a specimen design
that allows the AE sensors to be placed in direct contact with the specimen, allowing for

vibrations emitted from fracture to be more easily detected.
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Figure 4.24: Normalized cumulative hit energy from a Ti64 test (top). The massive energy spike
and load drop at the end is due to severe buckling and crack propagation (bottom). The crack

propagates through the entire thickness of the specimen.

Despite the difficulties in seeing the fracture with DIC images and unreliable AE data,
fracture can be correlated with the sharp drops in load seen in the force-displacement curves of
Al-2024 and Ti64. Scanning electron microscopy (SEM) is used to confirm the presence of
fracture in Figures 4.25 and 4.26. For Al-2024 and Ti64, planes slipping past one another in the

center of the specimen are clearly visible, indicating material separation. It is reasonable to
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conclude this material separation causes the specimen to lose its structural integrity, leading to a
sharp drop in the applied load. Thus, a DIC image corresponding to the time at which the load
first drops is taken as the final image before failure, and the simulation stress state history is

truncated at this point when comparing test and simulation data for Al-2024 and Ti64.

T1 S500kV 040nA 170 x T1 500kvVv 040nA 17.1mm 220x 613 nm 942 ym

T1 500kV 040nA 185mm 240x 562nm 863 ym g T1 500kV 040nA 152mm 130x 104 pm 1.59 mm

Figure 4.26: Post-test SEM images of an Al-2024 specimen
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Fracture is not as obvious in the case of In718. The force-displacement curves do not
exhibit consistent behavior. Only one of the curves shows a sharp drop in load, and two of them
show a load increase after an initial decrease. Macroscopic images appear to show a
circumferential crack around the center of the outside surface of the specimen, but when looking
at this region more closely using SEM in Figure 4.27, the material appears to only buckle
inward. This is the same buckling behavior predicted in simulation. To further investigate, the
specimens are sectioned in half, allowing a view of the cross sections. Out of four samples, two
exhibit fracture in shear, and two exhibit buckling behavior with no fracture. Figure 4.28 shows

the fractured samples, and Figure 4.29 shows the other samples.

det HV curr WD mag @ PW HFW
T1 500kV 040nA 98mm 1000x 135nm 207 ym

Figure 4.27: Buckling behavior in In718 test viewed under a stereo microscope (left) and a

scanning electron microscope (right)
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Figure 4.29: Cross section of In718 samples that did not fracture
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The presence of fracture in In718 correlates with the boundary condition used in the test.
The two fractured specimens are compressed between tungsten carbide platens bolted directly to
the load frame, whereas the specimens that did not fracture are compressed between steel platens
gripped in hydraulic wedge grips that are bolted to the load frame. One final test is performed
with tungsten carbide platens placed between two large plates gripped in hydraulic wedge grips.
This final test appears to not exhibit fracture, as the force-displacement response behaves in a
similar way to the tests compressed between steel platens. Figure 4.30 displays the influence of
the boundary condition on the force-displacement responses. In the tests with hydraulic wedge
grips, the load steadily drops after reaching a maximum, levels out, and begins to steadily
increase again. The tests without grips show a consistent decrease in load after it reaches a
maximum. The steel platens introduce significantly more compliance than the tungsten carbide
platens, and it is reasonable to think they may not be strong enough to load the In718 rings all the
way to fracture. However, it is unclear why the hydraulic wedge grips appear to influence the
results, as the loads do not exceed the specified 250 kN limit of the grips. It is possible that more
pressure could be used to firmly grip the plates, but based on these results it is concluded that
utilizing tungsten carbide platens without hydraulic wedge grips is the best approach the induce
fracture. Despite the inconsistent fracture behavior, it is encouraging that the force-displacement
responses are in reasonable agreement at lower displacements and the maximum load remains
consistent at around 185 kN. Further investigation is necessary to determine why the simulated

force-displacement response does not agree with the test data.
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Figure 4.30: Influence of boundary condition on force-displacement response in In718 notched

rings

Next, the strains measured through DIC are compared to the simulation data for each
material. Line slices of DIC data points along the highest strained areas of the specimen are
compared to line slices of element history strain data extracted from simulations in similar
locations. The minimum principal strains are compared along these line slices at different

displacements in Figure 4.32. Figure 4.31 illustrates a sample line slice location.
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Figure 4.32: Minimum principal strains along line slices at various displacement values



Generally, test and simulation strains agree at low displacement values for all three
materials. However, as displacements become larger, the DIC strains tend to either be higher
than the simulated values or drop out completely. Figure 4.33 shows an example of a test with
missing DIC data. Dropouts are expected at large displacements for these tests. Due to the nature
of a compression test, the paint speckles can get compressed together and make it difficult for the
software to track deformations. Because Ti64 fails at lower displacements, DIC data dropout is
not as significant of an issue for these tests as it is for Al-2024 and In718. From this information,
it can be concluded that the simulation captures the physical behavior of each material at low
displacements. At higher displacements, strain localization, void growth and coalescence, and

DIC error are all potential reasons for the poor match.
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Figure 4.33: Sample DIC data dropout from an In718 test
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To estimate the fracture strains under the stress state of interest, strain data at the point of
fracture can be analyzed. The evolution of the principal strains at the fracture location can be
compared between test and simulation. The principal strain evolution is plotted as a function of

load and displacement in Figures 4.34 and 4.35, respectively.
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Figure 4.34: Principal strains at fracture points as a function of applied load
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Figure 4.35: Principal strains at fracture points as a function of applied displacement

The Al-2024 and Ti64 test principal strains show excellent agreement with the simulation
for the majority of the experiment duration. Once again, it can be seen that the measured DIC
strain data is a bit higher than the simulated values at high loads and displacements. This is likely
due to the localization of strains at the fracture location, which the simulation cannot account for
as constructed. This phenomenon corresponds with the brief flattening of the force-displacement
curves, followed by a sharp drop in load corresponding to material fracture. The In718 test
principal strains do not align well with the simulations as a function of load due to the stiffer

response predicted by the simulation. Strains in these tests accumulate at lower loads and more
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rapidly than in the simulation. Plotting the principal strains as a function of displacement shows a
better agreement at low displacements. However, the strains begin to increase and deviate from
the simulated values at approximately 0.75 mm of displacement. The second principal strains are
approximately zero for each case. The second principal direction corresponds to the tangential
direction, and the strain being zero in this direction verifies the state of stress is one of plane
strain compression.

From the principal strain increments, the evolution of equivalent plastic strain is
computed at the fracture points for the tests and compared with simulation results. Once again,
because these tests are loaded continuously, elastic strains are inherently present in the
equivalent plastic strain calculation. Thus, the plastic strains calculated from the tests will begin
accumulating immediately, even though this is not physically true. Because the displacements
are so large in these tests, the elastic strains are negligible at higher displacements, so there
should still be agreement between test and simulation despite the incorporation of elastic strains
in the experimental results. The triaxiality and Lode parameter history at the critical element in
simulation is monitored up to the displacement fracture is observed in the tests. The strain and
stress state history data are shown in Figure 4.36. For the Al-2024 and Ti64 tests, there is
reasonable agreement between the equivalent plastic strains in test and simulation until the test
nears fracture. Once again, there is evidence of strain localization near the fracture point in the
tests, and the DIC strains deviate from the plasticity models. For Al-2024, it is also clear that the
numerical issues caused by element distortion identified earlier are significant. The triaxiality
begins to increase and deviate from the designed value of 0.6 at about 1.5 mm of displacement.

This is not an issue for Ti64 because fracture occurs well before the point where the stress state
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values begin to deviate. However, the effect of incorporating elastic strains into the plastic strain

computation is more evident for Ti64 due to the smaller displacements. The simulated plastic

strain clearly starts flat, indicating no plastic strain accumulates for roughly 0.1 mm of

displacement. This is why the experimental plastic strain is higher at the start. Regardless, the

plastic strains at fracture are extracted from the simulations, so the error accumulated from the

elastic strains in the tests do not affect the estimation of equivalent plastic strain at fracture.
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The In718 plastic strain behaves in a similar way as the principal strains. They

accumulate much more rapidly than they do in simulation. The main cause of this poor match is

the stiffer response predicted in simulation. The strains should accumulate slower in simulation
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because the material exhibits more hardening relative to the tests. The material continues to
harden until roughly 1.5 mm of displacement in the simulation, whereas hardening in the tests
stops at roughly 0.75 mm of displacement. Furthermore, the DIC data tend to drop out well
before the ends of the tests, which is indicated by the point where the plastic strain becomes
horizontal in Figure 4.36. The instability seen in the stress state also becomes an issue since the
In718 specimens survive large displacements without fracturing. The poor correlations between
tests and simulation for the In718 notched compression ring along with the inconsistent fracture
behavior lead to the conclusion that these tests cannot be reliably used to determine the
equivalent plastic strain at fracture for In718 at this stress state. For a triaxiality of 0.6 and Lode
parameter of 0, the current fracture surface for In718’s *MAT 224 model has a fracture strain of
5.29. This essentially means fracture will not occur in an In718 simulation at this stress state.
The results from the tests that fractured show that this claim may not be true.

The equivalent strain to fracture for Al-2024 and Ti64 are estimated by taking the
simulated equivalent plastic strain values at the displacements fracture is observed in the tests.
The average stress state parameters and current fracture strains in the *MAT _224 material
models for those average stress states are tabulated along with the test results in Tables 4.4 and
4.5. Because the strain data do not agree between test and simulation for In718, the equivalent
plastic strain from simulation is not assumed to represent the physical behavior. The lowest value
of maximum equivalent plastic strain observed in the tests that fracture before DIC data dropout
is 1.42. This can be considered a rough estimate of the lower limit of fracture strain for In718 at

this state of stress. The actual fracture strain is likely to be significantly higher.
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Table 4.4: Al-2024 notched compression ring fracture results

[Avg Lode [Avg Fracture Strain from Fracture Strain in Displacement at
Test Parameter|Triaxiality|Test *MAT 224 Fracture (mm) Load at Fracture (kN)
N2 -0.024] 0.6965 0.9809 0.61812 2.34 145
N3 -0.0331] 0.6707 0.9133] 0.61812 2.19 143
N4 -0.0212| 0.7059 1.0028 0.61812 2.38 149
N7 -0.0362| 0.6629 0.8901 0.61537 2.13 154
N8 -0.0419 0.649 0.8424 0.61247 2.04 151
N9 -0.0499| 0.6308 0.7691 0.61812 1.9 149

Table 4.5: Ti64 notched compression ring fracture results

IAvg Lode |Avg Fracture Strain from  |Fracture Strain in Displacement at
Test Parameter [Triaxiality [Test *MAT 224 Fracture (mm) Load at Fracture (kN)
N2 0.1047| 0.605] 0.3816 0.4726 0.7785 164
N4 0.1131 0.6136 0.4229 0.4726 0.8605 165
N5 0.1047 0.605 0.3816 0.4726 0.7502] 165

The average triaxialities from the Al-2024 tests show some significant spread and

deviation from the target value of 0.6. This is due to the element distortion in simulation at high

displacements. The Lode parameter values also show some variability, but they are all relatively

close to the target value of 0. If it is assumed that the physical state of stress corresponds to a

triaxiality of 0.6 and Lode parameter of 0, as shown in the mesh convergence studies, then the

fracture strain predicted by the Al-2024 *MAT _224 model is 0.591. The average fracture strain

from the test data is 0.900. Clearly, the fracture strains predicted by the Al-2024 *MAT_224

model are much lower than what is indicated by the test data. The percent error is 52.3%,

assuming the experimentally determined value to be the true value. Thus, the incorporation of
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this test data into the Al-2024 *MAT _224 fracture surface, shown in Figure 4.37, could
significantly increase its accuracy in predicting fracture at high stress triaxialities. The effect of
the inaccurate fracture strain prediction is obvious when comparing the force-displacement
responses of the test data compared to a simulation using the *MAT _224 model with failure
considered, which is plotted in Figure 4.38. The simulation load sharply drops at about 1.5 mm
of displacement, whereas the force drops in the tests occur at an average displacement of 2.16

mm.

filure strain

triaxialty 05

Figure 4.37: Al-2024 *MAT _224 fracture surface
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Figure 4.38: Force-displacement responses of Al-2024 notched ring tests and simulation using

*MAT _224 failure model

The Ti64 *MAT _224 model is more accurate at this state of stress. For a Lode parameter
of 0.1, the fracture strain plateaus at 0.4726 for triaxialities between 0.17 and 4.0. The average
fracture strain from the tests is 0.3954, which yields a 19.5% error for the model. The fracture
surface, shown in Figure 4.39, could be slightly lowered in this area, but more tests at triaxialities
between 0.17 and 0.6 may provide more insight into what the shape of the surface should be. The
Ti64 simulation run with the *MAT _224 fracture model, shown in Figure 4.40, shows a sharp
load drop at 0.96 mm of displacement, which is slightly higher than the average displacement at

fracture in the tests of 0.80 mm.
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Figure 4.39: Ti64 *MAT _224 fracture surface
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Figure 4.40: Force-displacement responses of Ti64 notched ring tests and simulation using

*MAT _224 failure model
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Chapter 5 Summary and Conclusions

The equivalent plastic strain at fracture is estimated for Ti64 and In718 under states of
stress corresponding to combined asymmetric in-plane tension and out-of-plane compression
using a novel backed punch test technique. The equivalent plastic strain at fracture is also
estimated for Al-2024, Ti64, and In718 under a state of stress analogous to plane strain
compression using a novel notched ring compression specimen. A combined experimental-
numerical approach is used for each experiment. The force-displacement relations predicted
through simulation are compared with experimental results. If the simulation adequately predicts
the material plasticity in the experiments, the equivalent plastic strain in the simulation is
extracted at the onset of fracture in the tests, and this value is used to estimate the equivalent
plastic strain at fracture at the stress state of interest. This data is then used as a benchmark to
evaluate the accuracy of current *MAT _224 ductile fracture models.

5.1 Elliptical Backed Punch

Three unique elliptical backed punch tests are performed with the following geometries
and materials: a 0.635 mm (thin) Ti64 specimen with a 1.27 mm 1075 steel backing plate and
2x6 mm punch, a 1.27 mm (thick) Ti64 specimen with a 1.575 mm 1075 steel backing plate and
2x6 mm punch, and a 0.635 mm In718 specimen with a 0.889 mm 1075 steel backing plate and
2x4 mm punch. The simulation results for each test show stiffer force-displacement responses
than the tests, especially for In718. However, the strain data at the fracture points match well
between simulations and tests, allowing for a reliable estimation of the equivalent plastic fracture
strains. The test results indicate the current fracture surface in the Ti64 *MAT _224 material

model slightly over predicts the fracture strains for the Ti64 tests, while the In718 *MAT 224
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material model accurately predicts the fracture strain. Average stress state parameters are
tabulated in section 3.1 along with the fracture strain values.
5.2 Notched Compression Ring

The notched ring experiment is performed on custom test coupons for Al-2024, Ti64, and
In718. Numerical analysis shows the physical state of stress converges to a triaxiality of 0.6 and
Lode parameter of 0, which is equivalent to a state of plane strain compression. Al-2024 and
Ti64 tests show clear fracture that corresponds with a sharp drop in applied load. 3D DIC is used
to measure displacements and compute strains. The DIC data show reasonable agreement with
the simulations, allowing for estimations of the equivalent plastic strain at fracture to be
determined. These values are tabulated in section 3.2. The *MAT _224 model for Al-2024
significantly under predicts the fracture strain, indicating potential for improvements to be made
to the model’s fracture surface. The *MAT 224 model for Ti64 slightly over predicts the
fracture strain, but is more accurate than the Al-2024 model. Some slight modifications can be
made to the fracture surface, but the model performs relatively well for the stress states of
interest. More fracture test data under compressive states of stress would better inform the
fracture surface adjustment.

The In718 simulation predicts a much stiffer response than what is observed in the tests.
The test strains are also much higher, which invalidates the typical procedure of extracting a
fracture strain value from the simulation. The different boundary conditions used in the tests
produce undesirable variations in the results. Fracture is observed for two of the tests, indicating
the current In718 *MAT _224 fracture surface may not be accurate at this stress state, as it

essentially does not permit fracture in this area of the surface. Further investigations into the
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numerical analysis should be performed to match the simulation to the test data. Further
improvements to the test, such as devising a test design to acquire better AE data, could help in
determining the exact onset of fracture since there is not a clear drop in load as in the Al-2024

and Ti64 notched ring tests.
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Appendix A Proposed Punch Test Design Load Paths

A total of 12 elliptical backed punch test geometries for each material are simulated in LS-

DYNA. The load path for each is shown.

2x6mm Punch, 1.27mm Specimen, Unbacked

Load Path: Ti64
ir N
! , [—JPunch Test 045
0.8 \‘-.\ Plane Strass '
.:'l ".‘ |
06 b | LY || 0.4
f \ |
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Triaxiality

Figure A.1: Ti64, 2x6 mm punch, 1.27 mm specimen, unbacked
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Load1P_ath: TiGd 2x6mm Punch, 1.27mm Specimen, 1.575mm Backer
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Figure A.2: Ti64, 2x6 mm punch, 1.27 mm specimen, 1.575 mm backer (chosen design)

Load1P_alﬂ1: Ti64 2x6mm Punch, 1.27Tmm Specimen, 2.388mm Backer

0.5
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Figure A.3: Ti64, 2x6 mm punch, 1.27 mm specimen, 2.388 mm backer
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Laad1Paﬂ1: Tibd 2x6mm Punch, 1.2Tmm Specimen, 3.175mm Backer
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Figure A.4: Ti64, 2x6 mm punch, 1.27 mm specimen, 3.175 mm backer

Lc%ad Path: TiGd4 2x6mm Punch, 0.635mm Specimen, Unbacked
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Figure A.5: Ti64, 2x6 mm punch, 0.635 mm specimen, unbacked
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Load 1F"a_n‘]'l: Ti64 2x6mm Punch, 0.635mm Specimen, 0.889mm Backer
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Figure A.6: Ti64, 2x6 mm punch, 0.635 mm specimen, 0.889 mm backer

Load_1P_aﬂ1:TiE4 2x6mm Punch, 0.635mm Specimen, 1.27mm Backer
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Figure A.7: Ti64, 2x6 mm punch, 0.635 mm specimen, 1.27 mm backer (chosen design)
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Load ?ath: Ti6d4 Zx6mm Punch, 0.635mm Specimen, 1.575mm Backer
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Figure A.8: Ti64, 2x6 mm punch, 0.635 mm specimen, 1.575 mm backer
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Figure A.9: Ti64, 2x4 mm punch, 0.635 mm specimen, unbacked
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Load 1F'§n‘h: Ti64 2xdmm Punch, 0.635mm Specimen, 0.889mm Backer
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Figure A.10: Ti64, 2x4 mm punch, 0.635 mm specimen, 0.889 mm backer
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Figure A.11: Ti64, 2x4 mm punch, 0.635 mm specimen, 1.27 mm backer
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Load 1F'z!ﬂ'l: Ti64 2x4mm Punch, 0.635mm Specimen, 1.575mm Backer
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Figure A.12: Ti64, 2x4 mm punch, 0.635 mm specimen, 1.575 mm backer

L{:%ad Path: In718 2x6mm Punch, 1.27Tmm Specimen, Unbacked
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Figure A.13: In718, 2x6mm punch, 1.27 mm specimen, unbacked
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Load fa_ﬂh: InT18 2x6mm Punch, 1.27Tmm Specimen, 1.575mm Backer
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Figure A.14: In718, 2x6mm punch, 1.27 mm specimen, 1.575 mm backer

Load 1Faﬂ1: In718 2x6mm Punch, 1.27Tmm Specimen, 2.388mm Backer
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Figure A.15: In718, 2x6mm punch, 1.27 mm specimen, 2.388 mm backer
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Load E’aih: InT18& 2x6mm Punch, 1.27mm Specimen, 3.175mm Backer
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Figure A.16: In718, 2x6mm punch, 1.27 mm specimen, 3.175 mm backer
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Figure A.17: In718, 2x6mm punch, 0.635 mm specimen, unbacked

99



Load I:ath: InT18 2Zx6mm Punch, 0.635mm Specimen, 0.839mm Backer
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Figure A.18: In718, 2x6mm punch, 0.635 mm specimen, 0.889 mm backer

Load1Paﬂ1: In718 2x6mm Punch, 0.635mm Specimen, 1.27mm Backer
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Figure A.19: In718, 2x6mm punch, 0.635 mm specimen, 1.27 mm backer
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Load I;'ath: In718 2x6mm Punch, 0.635mm Specimen, 1.575mm Backer
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Figure A.20: In718, 2x6mm punch, 0.635 mm specimen, 1.575 mm backer
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Figure A.21: In718, 2x4mm punch, 0.635 mm specimen, unbacked
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Load I;ath: In718 2x4mm Punch, 0.635mm Specimen, 0.869mm Backer
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Figure A.22: In718, 2x4mm punch, 0.635 mm specimen, 0.889 mm backer (chosen design)
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Figure A.23: In718, 2x4mm punch, 0.635 mm specimen, 1.27 mm backer
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Load I;'alh: InT16 2x4mm Punch, 0.635mm Specimen, 1.575mm Backer
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Figure A.24: In718, 2x4mm punch, 0.635 mm specimen, 1.575 mm backer
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