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ABSTRACT

Metal matrix composites (MMCs) have been widely used in various industries including
aerospace, automotive, transportation, etc. While many types of MMCs have been studied and
developed, including reinforcement phases of mono filaments, short/long fibers, and particles,
their arrangement within the matrix has been rather simple. In this study, a finite element
simulation tool has been used to study laminate composites with complex configurations. A
finite element analysis has been performed to understand the strengthening effect of pattern-
reinforced composite structure using a small punch test. It was found that the pattern
reinforcement helped to distribute stress and strain during deformation. This resulted in the
strength increase of 40% when compared with a uniform alternating layer-reinforced composite.
Furthermore, composites with three different pattern sizes of 2 um, 20 um and 50 pum with the
same reinforcement loading were compared. The smallest pattern showed the highest strength
compared with larger patterns by 30% and 60%. Furthermore, the influence of elastic modulus,
yield strength, ultimate strength, and fracture strain on the four deformation stages of the small
punch test has been analyzed. Based on the analysis, a modified energy dissipation equation was
developed to compensate for variations originating from the sheet thickness and the test ball size.
This study helps to explain the strengthening effect from a pattern-reinforced laminate composite
in comparison with the uniform alternating layer-reinforced structure. It demonstrated potential
ways to alter or tailor mechanical properties of laminate composites and to further optimize the

configuration of custom designed laminate composites.



CHAPTER 1. INTRODUCTION

1.1 Motivation

Metal matrix composites (MMCs) have drawn a significant amount of interest since the
1980s due to their favorable mechanical, thermal, and electrical properties [1]. They are widely
applied in aerospace, automotive, and other industrial fields. While many types of MMCs have
been studied and developed, including reinforcement phases of mono filaments, short/long
fibers, and particles, their arrangement within the matrix has been rather simple. In this study, a
finite element simulation tool is used to study composites with complex configuration. A
pattern-reinforced magnesium alloy composite fabricated by sintering laminated sheets is
modeled and simulated to understand the strengthening effects. A magnesium alloy, AZ31, is
used as the matrix, and the reinforcement phase has a circular pattern structure made of
SiCp/Al6061p. The simulation is performed to understand the strengthening effect of the
pattern-reinforced composite in comparison to a laminated composite with alternating layers.
The small punch test (SPT) is employed to test the fabricated composite and the results are

compared with simulation outcomes.
1.2 Research Framework and Objectives

The goals of this study are: (1) to analyze the SPT through finite element analysis (FEA),
and (2) to understand the strengthening effects of pattern-reinforced laminate metal composites.
First, the governing stress and strain evolution during the SPT is analyzed to understand the force
vs displacement behavior of bulk metallic material during the test. Next, a simulation tool is

utilized to analyze the failure of laminate and pattern-reinforced composites.



1.2.1 Simulation of Small Punch Test and Analysis of Stress and Strain

Evolution

In this section, simulation of the SPT is verified by comparing the force response in
experiments and numerical analysis. Then, the material stress and strain during the SPT is
analyzed to understand the behavior of the force vs displacement curve. Using the FEA tool, the
effects of yield strength, ultimate strength, fracture strain, and Young’s modulus on the loading
curve is investigated. The energy dissipation in the SPT is correlated with tensile mode energy
dissipation, and a modified equation is proposed to eliminate the punch size and specimen

thickness effects.

1.2.2 Small Punch Test Simulation of Uniform Layer-Reinforced and

Pattern-Reinforced Laminated Metal Composites

This section presents a numerical investigation of the performance of the pattern-
reinforced composite by comparing it with a uniform layer-reinforced composite. The composite
material properties used in the FEA model are verified in the experiment. A model with
increased pattern thickness is analyzed for its effects on strength. The pattern thickness effect on

the material strengthening is explained with the FEA model.



CHAPTER 2. SIMULATION OF THE SMALL PUNCH TEST AND

ANALYSIS OF STRESS AND STRAIN EVOLUTION

In this chapter, the SPT is analyzed using a finite element simulation tool. First, the
model is validated with the experimental results and then employed to analyze the specimen
deformation during the test. Then the effects of material yield strength, ultimate strength,

fracture strain, and Young’s modulus on the force vs. displacement curve are analyzed.
2.1 Introduction and Background of the Small Punch Test

The SPT is a powerful way to test miniaturized specimens because it only requires a
small amount of material. The device consists of a ceramic punch ball with a small radius and
dies to secure the specimen. A constant displacement per unit time is applied to the punch,
which is placed at the center of the specimen until it is penetrated or until the disc completely

loses the ability to hold any load. The SPT setup is shown in Figure 1.
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Figure 1. Schematic of the SPT

The test was first developed as a miniaturized disc bend test to determine the post-
irradiation mechanical properties of materials used in a nuclear environment [2]. The SPT,
which only requires a small amount of material, was an alternative developed to test the material
properties of a limited number of irradiated standard specimens in the 1980s [3]. It was further
developed and used as a measurement tool to test mechanical properties of ductile tensile
materials in recent decades. The test is still a nonstandard test but is useful for measuring small-
piece specimens that do not lend themselves to other standard ways of testing and for extracting
material mechanical properties from limited amounts of material. The SPT may be performed in
two ways. One uses a constant displacement per unit time where the punch is given at a constant
rate of motion and the force is measured through a sensor. The other uses a constant force

applied on the punch. The displacement with time dependency is analyzed. The empirical



standards correlations of the test has been well established between the experimental data with
material tensile properties [4-8]. Through the material performance as seen from the SPT,
material properties such as elastic modulus, fracture toughness, and tensile strength can be
extracted [4, 9, 10]. A study that used the SPT to analyze fracture properties for different
specimen thicknesses showed that the properties significantly depended on the thickness of the
specimen [11]. The temperature of the specimen when subjected to the SPT also had a large
influence on the behavior of the material [12].

As the SPT became more popular, FEA tools were employed for analysis [11, 13-15].
The FEA model has been used to calculate the stress state in a specimen disc. However, there is
limited work on using the SPT to analyze composite materials. Composite materials behave
differently than homogenous materials, and therefore conventional knowledge of homogenous
materials may not apply. During the actual SPT, the rupture time and the rupture initiation
position is almost impossible to observe. The specimens used in the SPT are laminated sheets

with mesoscale patterns which consist of nanoscale particles.

2.2 Experimental Setup

The SPT device consists of a bottom die, a top die, a ceramic punch ball, a shaft, and a
top cap where the load is applied. The screws on the top die apply downward pressure when
they are tightened so that the top die clamps the disc. The center hole of the bottom die has a
diameter of 10 mm. The center hole of the top die has a diameter of 12 mm. The disc specimen
i1s 19 mm and is placed in the bottom die, which has a diameter of 20 mm. The punch ball is
6.35 mm in diameter. The displacement rate of the punch ball is set at 0.05 mm/s. Displacement

and force are both recorded during the test. Figure 2 shows the setup of the actual experiment.
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Figure 2. Actual SPT device

2.3 FEA Model

We employed Abaqus 6.13 as the FEA tool to conduct the simulation. The simulation
followed the settings used in the actual experiment and used the material properties from the

tensile test.

2.3.1 Boundary Conditions

In the FEA model, boundary conditions were set in order to achieve the same setup

during the experiment. Figure 3 shows an exploded view of the FEA model.



Exploded View

Figure 3. FEA model setup for SPT

The bottom die had an inner hole of 10 mm and was fixed at all degrees of freedom. The top
surface of the specimen disc was partitioned with a circle 12 mm in diameter. Pressure of 10
MPa was applied downward on the ring area on the AZ31 specimen to the clamped disc. The
friction coefficient between the disc and the bottom die was 0.3. Both the punch and the bottom
die were rigid. The punch moved toward the disc at a speed of 1 mm/s. Since the strain rate
effect was not included as a material property, a higher punch speed was set for the purpose of

efficiency.

2.3.2 Material Properties

The as-received AZ31 was tested with the SPT. A tensile test was also performed on the
as-received AZ31 with ASTM standard to obtain the tensile material properties for use with the

FEA. The tensile property is shown in Figure 4. Based on the experimental data, the Young’s



modulus was observed to be 15 GPa. The Poisson’s ratio was 0.33, derived from specification

sheets of the material.
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Figure 4. Engineering stress vs. strain curve of the AZ31 tensile test

Table 1. Isotropic hardening data for the AZ31 (true stress)

Yield stress (MPa) | 167.5 190 262 299 316 334 338

Plastic Strain 0 0.008 0.06 0.11 0.14 0.19 0.20

The model used ductile damage settings to define the material fracture behavior. The
fracture strain was defined in the settings and Figure 5 shows how Abaqus defined the fracture
strain. Once the plastic strain of the elements in the model entered the zone of fracture strain in

Figure 5, the element started to degrade and failed.
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Figure S. Fracture strain defined in Abaqus

The material failed due to the growth of degradation of material stiffness, which was
defined as damage evolution in the damage setting. Plastic displacement was chosen to drive the

evolution of the damage, which was related to the size of the element. The plastic displacement

was approximately equal to the fracture strain times the characteristic length of the element.

2.3.3 Mesh
The FEA model of the disc specimen was meshed to 8-node solid elements with reduced

integration (C3D8R) elements. The mesh of the model is shown in Figure 6.
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Figure 6. Mesh generation of the FEA model

To simplify the numerical analysis, the center of the disc used a mesh size of 0.3 and a
larger mesh size of 1.5 was generated for the outer area. A total of 10,000 nodes were used in

the disc and 8300 elements were used.

2.4 Results and Discussion

2.4.1 Numerical Simulation Validation

The actual SPT data validated the FEA model. The shapes of parts from the SPT are
compared in Figure 7. The predicted of location of the rupture is in a good agreement with

actual disk deformed in the experiment.
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Displacement of 1.55 Displacement of 1.47

Figure 7. Comparison of parts in both the FEA modeling and the actual experiment
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Figure 8. Force vs displacement curve of the as-received AZ31 specimen

The force and displacement curves from the simulation and the experiments are
compared in Figure 8. The load values were within 5%, and the prediction of failure strain was
in good agreement. Overall, the results from the simulation and the experiments closely

matched. The model could now be further utilized in the analysis.
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2.4.2 Force vs Displacement Curve Analysis

A typical force vs displacement curve is divided into four regions, as shown in Figure 9.
Region I shows the elastic bending deformation, which is related to local yielding and dominated
by the yield strength and elastic modulus of the material. Region II shows the plastic bending
deformation. This region goes through plastic deformation during the test. Region III involves
membrane stretching. The last region shows the plastic instability, where the disc completely

fails [11].

1000 3 i : Region
900 ‘ ‘ I
800
700
600
500
400
300
200
100

Force (N)

0 0.5 1 1.5 2 2.5
Displacement (mm)

Figure 9. Typical force vs. displacement curve [16]
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Figure 10. Locations selected to be analyzed on a typical force vs displacement curve

Before the loading reached region II, the local area experienced a yield-bending process.
In region I, the stress of the elements on the top surface of the disc was larger than the stress on

the bottom, as plotted in Figure 11.
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Figure 11. Stress distribution at different locations on the curve

The position vs stress distribution in Figure 11 refers to the element labeled in the cross-
sectional view of the disc from top to bottom. The yield stress of the material was 110 MPa. As
seen in in Figure 11, cross section (a), the stress of element 3 was still under the yield stress. As
seen in cross section (b), when the disc was about to pass from region I to region II, all four
elements had yielded. The force vs displacement curve also showed a different stiffness
transition in this period. So this region is called elastic bending. This bending continued until

the yield stress had spread throughout the thickness of the disc.



15

= 240 ®
[a18
= 210 - ©
a
© 180 * "
&a
150 -
1 2 3 4
Position
240 -
;-ﬂ? ‘ ® @ e
S 230
=
§ 220 0‘
“ 210 -
1 2 3 4
Position
;“?240 ‘ s s P
s 230 i
v 220
g
& 210
1 2 3 4
Position

Figure 12. Region II — Plastic bending

Once the disc passed the yield force, plastic stress was produced, which caused strain
hardening. As seen in Figure 12, the process was mainly dominated by the plastic properties of
the material. Greater stress started to increase from position 4 until all the elements from bottom

to the top at the center reached the ultimate strength of the material. Since the local central area

undergoes plastic deformation, this region is called plastic bending.



Disc is stretched horizontally

Figure 13. Region III — Membrane stretching

After elements in all four positions reached the ultimate stress, the ultimate stress
distribution started to expand horizontally along the disc as the punch kept going downward. As
the element kept deforming, void nucleation began to occur from the bottom of the disk. It led to

crack propagation and the disc failed.
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Figure 14. Strain distribution in region III - Membrane stretching

Strain distribution is shown in Figure 14, cross section (f). The damage setting in this
model used strain-dependent criteria. The element was deleted when the plastic strain reached

0.22. This region exhibits the initiation of the failure and material degradation.
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Figure 15. Region IV — Plastic instability

Finally, the disc was perforated and the load decreased as the crack was propagated in the
last stage, as shown in Figure 15. Limited study was conducted in this region because damage

behavior is generally unpredictable.

2.4.3 Effects of Material Properties on Force vs Displacement Curve

Many studies have established correlations between SPT results and material tensile
properties [4, 5]. However, these correlations are often empirical since material behavior in the
SPT is complicated and varies with different punch ball sizes, disc thickness, temperature, and
die clearances [4, 5, 17]. In this subsection, the effects of material properties on the force vs
displacement curve are studied.

Material property parameters of oy, our, €ra, and E were selected to be studied since these
parameters dominate the curve trend in different regions. Table 2 shows the values of each

parameter studied.
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Table 2. Values of each parameter studied

Parameters Value

Young’s Modulus (GPa) 15%, 30, 40
Yield Stress (MPa) 50, 80, 110*
Ultimate Stress (MPa) 200, 250*, 300
Fracture Strain 0.14, 0.16*, 0.18

The common values are the values marked with *.

Figure 16 shows the effects of the SPT on the output of different material’s Young’s
modulus. With a larger Young’s modulus, the curve in region I was stiffer. These curves all
have about the same slope after region I, which indicates that the Young’s modulus of the

material is the primary influence in region I.

1200

1000

800

600

Force (N)

---E15GPa

400 ——E30GPa

......... E 40 GPa
200

0 0.5 1 1.5 2
Displacement (mm)

Figure 16. SPT models with three different Young’s Modulus

2.5
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The highlighted points shown in Figure 16 are listed in Table 3. All three points are

within the region I. With a similar force response, the values of displacement were different,

which indicates the Young’s modulus effect.

Table 3. Output of highlighted points on the curve

Young’s Modulus (GPa) 15 30 40
Displacement (mm) 0.18 0.12 0.09
Force (N) 235 243 240

Yield strength is related to yield load on the SPT curve. The yield load is the point of
intersection of two tangential lines from regions I and II [4, 11]. Different material yield

strengths caused the yield load to change only as shown in Figure 17.

1200

1000

800
z
8 600 A e Yield 50 MPa
E Yield 80 MPa

- = -Yield 110 MPa
400
200
0
0 0.5 1 1.5 2 2.5

Displacement (mm)
Figure 17. SPT models with three different yield strengths
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A material’s ultimate strength determines its plastic deformation in SPT, which starts in

region II. In the simulation model of region II, elements at the bottom of the disc first started to

bend with increased stress. The disc with greater ultimate strength had in a higher load response

after region I. Figure 18 shows the effects of the ultimate strength of different materials on the

SPT curve.

1000

900

800
700
600 3

500

Force (N)

400

— —UTS 200 MPa
——UTS 250 MPa
--------- UTS 300 MPa

300
200
100

0
0 0.5 1 1.5 2 2.5

Displacement (mm)
Figure 18. SPT models with three different ultimate strengths

Increasing the fracture strain of the material while keeping other material properties the
same delayed the fracture in regions I and II and most of region IIl. As seen in Figure 19, the
larger fracture strain caused the curve to have a larger maximum force with larger displacement
compared with the other two. Table 4 shows the force and displacement value at the peak point

on the curve.
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400
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Figure 19. SPT models with three different fracture strains

Table 4. Force and displacement value at the peak point on the curve

Fracture Strain 0.14 0.16 0.18
Displacement (mm) 1.48 1.53 1.63
Force (N) 988 1066 1183

2.4.4 Energy Dissipation During the SPT

Lots of work has been done to correlate SPT results with material tensile properties [4-8].
However, the correlations have been limited to certain groups of metallic materials such as steel,
copper, and aluminum. They have only been estimations [4]. In this section, the energy absorbed
in tensile mode (c-€) was compared with the SPT. The SPT was associated with multiple stages

of the deformation process, including elastic yielding during the first stage and plastic
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deformation in the following stages. The deformation process had a similar pattern to that of the

tensile mode.

40
. O X
Al6061
30
+ XA
25
Al1100
20 [ A1
mm
T 15 AZ31 % 0.83 mm
= +0.5 mm
£ 10
o 00.43 mm
5
0
0 20 40 60 80
0-5*Pmax*dmax
- (J/m?3)
VSpecimen

Figure 20. Energy consumed in the SPT vs. tensile mode with different thicknesses of
different materials without thickness effects term

In Figure 20, materials with different thicknesses are illustrated on the graph for energy

dissipation. The y-axis represents 6*¢, which is an estimation of energy dissipated per unit

volume in tensile mode. The term is calculated by estimating the area of each material’s tensile

stress strain curve from the beginning to the fracture point. Table 5 lists the material tensile

properties of AI1100, AZ31, and Al6061.

Table 5. Partial material properties of tested metal

Material AlI1100[18] AZ31 Al6061[18]
Yield Strength (MPa) 35 110 276
UTS (MPa) 125 250 310
Elongation 0.22 0.08 0.12




24

In the x-axis, 0.5*Pmax™*dmax was the total energy consumed during the SPT. Vipecimen Was
the effective volume of the round disc that was tested. However, the data points corresponding
to different thicknesses within the same material were scattered. This was mainly due to the
effects of specimen size and the size of the punch ball. With a thinner disc and/or a smaller

punch ball, the influence of localized stress was larger.

40
35 OX
Al6061
30
R
25
~ 20 At Al1100
£ A1 mm
= 1 % 0.83 mm
x AZ31
© 10 +0.5 mm
5 00.43 mm
0
0 20 40 60
O'S*Pmax*dmax
vV (J/md)
Vspecimen(1+ \jemmen )
punch

Figure 21. Energy consumed in the SPT vs tensile mode with different thicknesses of
different materials

We propose that an additional term be used when calculating energy dissipation in the
SPT as follows:

0'5 * Pmax * dmax [1]

prechnen
Vspecimen(1 + V—

punch
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This additional term accounts for the size of the punch ball in relation to the volume of the
material absorbing the deformation. Figure 21 shows the replotted figure with the additional

term proposed in Equation [1].
2.5 Conclusions

The main focus of this chapter has been to understand the SPT through numerical
simulation. With simulation, the well-established four stages of the typical force vs
displacement curve of the SPT—elastic bending, plastic bending, membrane stretching, and
plastic instability—were analyzed. In the elastic bending stage, the specimen experienced an
elastic deformation. The stage was mainly dominated by the material’s elastic modulus
properties. The plastic deformation and membrane stretching stages were affected by the
material’s isotropic hardening properties. The fracture strain of the material affected the last
stage, plastic instability. Material with a larger fracture strain had a larger displacement and a
larger maximum force. Finally, we proposed a modified energy dissipation equation for the SPT
after comparing it with energy dissipation in tensile testing. The modified equation removed the

influence of specimen thickness and relative ball size.



26

CHAPTER 3. SIMLUATION OF THE SMALL PUNCH TEST ON A

PATTERN-REINFORCED LAMINATED COMPOSITE

3.1 Introduction

Metal matrix composite has always been a promising type of material. Conventional
fabrication approaches for metal composites include stir casting [18-23], powder metallurgy [24-
26], and squeeze casting [27, 28]. The number of metal matrix composites has also increased in
in the past decade, comprising layered composites, nanoscale composites, and bio-derived
composites [29]. Recently, Bastwros and Kim [30]developed a fabrication technique using
ultrasonic spray with Al sheets and SiC particles to create complex laminate composite structures
made of metal composite materials.

Magnesium alloy has been widely employed and studied in the automobile and aerospace
fields because of its light weight, high stiffness, high specific strength, and good machinability
[31]. Itis also a good candidate for use as a matrix material in composite materials. Another
experiment was carried out by Bastwros using AZ31 sheets and SiC particles as reinforcement
material. The SPT was used to prove that such complex laminate structures enhance material
strength.

Simulation tools have been utilized during the SPT to analyze and understand the
deformation behavior of pattern-reinforced laminated composites. Researchers have done a lot
of work using FEA for laminate composites. Most of the time, FEA was used to analyze
delamination and transverse shear cracks in these composites [32]. Flatscher used simulation to
explore the intralaminar plasticity, damage, softening, and open-hole failure mechanism [33].

Zhao analyzed the delamination of unidirectional and multidirectional laminates with FEA
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simulation [34]. But we have found no study related to such complex laminate structures. In
this work, a three-dimensional FEA model was developed for composite materials and simulated

using the SPT FEA model.

3.2 FEA Model and Experimental Procedures

The aim of this section is to verify the Al/SiC composite layer/pattern tensile property by
comparing the results of the experiment with the FEA model. The Al/SiC composite material
properties are first estimated as a range using the rule of mixtures. Then they are verified by
comparing the results with the experiments. The actual composite specimen is made using a
spray-assisted, semisolid compaction manufacturing process. The specimen in FEA is modeled
to mimic the actual composite specimen fabricated. The FEA model for the SPT setup is the

same as the one introduced in Chapter 2.

3.2.1 Experimental Procedure

The specimen was made by consolidating 14 layers of AZ31 that had been sprayed with
Al6061 and SiC particles. Each layer was 74 um thick. Figure 22 shows the ultrasonic spray

system used for spraying the particles.

ringe

‘dUlﬁsoniC"s’pray
eposition system

Figure 22. Ultrasonic spray deposition system
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The nanoparticle suspension contained 0.05 wt.% SiC nanoparticles (80 nm) and 0.015
wt.% Al6061 particles (1.73 um). The sprayed surface was heated up to 300°C to evaporate the
suspension liquid while spraying. The sprayed layer was mixed at a volume ratio of 2:3 for
Al6061 and SiC particles. The mixture was sprayed onto the AZ31 foil discs in two
configurations. One was a uniformly sprayed layer on the surface of the AZ31 discs. The other
was sprayed in a circular configuration 800 um in diameter using a mask pattern during the

spraying, as shown in Figure 23.

48 Se SEl

Patterned particles

Figure 23. Spray procedure setups (a) overall setup, (b) mask, (c) spray path

The assembled layers were first pre-compacted at 100 MPa. The sheets were heated up
to 610°C with a pressure of 50 MPa for 20 min. The liquid phase percentage at this temperature

was approximately 9%. The furnace is shown in Figure 24.
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Figure 24. Furnace used for consolidating the sheets
3.2.2 FEA Model
To mimic the structure of the composite specimen, 27 layers were modeled and a tie
constraint was used. There were 14 layers of AZ31 with a thickness of 74 um and 13 layers of
the uniformly sprayed composite layer with a thickness of 2 pm. The model used was a full-
scale 3D model for pattern-reinforced composites and a 2D quarter model for uniformly sprayed
alternating composites, as shown in Figure 25. Figure 26 shows the schematic of the pattern

layer.
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Figure 25. Schematic of the FEA model
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Figure 26. Schematic of the pattern layer

During the hot compaction, the AZ31 reached a semi-solid state where the solid and
liquid phases coexisted. The soft and low viscosity of the liquid allowed it to fill in the porosity
between the particles. The rule of mixtures was used to estimate the material properties of the
composite layer, as listed in Table 6.

Table 6. Material properties of SiC, AZ31 and Al6061

Material Property SiC AZ31 Al6061
Poisson Ratio 0.14-0.192 0.33 0.33
Young’s Modulus (GPa) 410 8.5 69
Yield Strength (MPa) 525 110 276
UTS (MPa) 525 250 310

The rule of mixture predicts both the upper and lower bounds of the composite material

properties. The upper bound of the material property is predicted by:
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Mypper = fsicMsic + fazz1Mazz1 + faie061Maiso61

The lower bound is established by:

f:S‘iC f;4231 fA16061 —
Mlower = ( + + !

MSiC MAZ31 MA16061

(2]

[3]

where f'is the volume fraction of the reinforcement phase, M is the material property parameter,

which could be the Poisson ratio, Young’s modulus, yield strength, UTS, or density.

The weight ratio of SiC to A16061 was about 3:2. The volume ratio was calculated as 1:0.6. The

volume ratio between Mg and SiC was about 2:1 based on the EDS scan data, as shown in Figure

27.
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Figure 27. EDS line scan across the interface between two AZ31 foils, and elemental
diffraction intensity along the line scan with respect to the position on the scanned line

As a result, the volume ratio of the three materials was 2:1:0.6 for AZ31, SiC, and Al,

respectively. So the volume fractions used for calculation were 54%, 19%, and 27% for faz31,
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faie061, and fsic. The volume percentage presents the fraction of the Al/SiC composite material.
AZ31 is included in the composite material because the AZ31 sheets fill in the porosity between
the SiC/Al particles during the hot compaction process. So it has to be counted when estimating
the properties of the composite material. The upper and lower bounds were calculated and are
presented in Table 7. The final material properties were verified by comparing the FEA model
with the experimental results. The force vs displacement curve is shown in Figure 28. The
simulation results showed good agreement with the experiments.

Table 7. Composite material property estimation using rule of mixtures

Material Property Upper Bound Lower Bound Verified
Poisson Ratio 0.29 0.25 0.268
Young’s Modulus (GPa) 126 21 69
Yield Strength (MPa) 264 188 223

UTS (MPa) 334 308 320




34

1800
1600
1400 -~ <
1200 - \

Z1000 P .

800 ’

Load

600 2

400 Experiment uniform layer reinforced composite

200 = = Simulation uniform layer reinforced composite

0 0.5 1 1.5 2 25
Displacement (mm)

Figure 28. Force vs. displacement curve from the experiment and simulation of the uniform
spayed layer composite

3.3 Simulation of Pattern-Reinforced Composite
The experiment showed that with the same amount of loading of the SiC and Al6061
particles, the pattern-reinforced composite showed higher strength than the uniformly sprayed
composite. A uniformly reinforced composite model was made to compare with an 800 pm
circular pattern-reinforced composite. Both of them had a loading percent of 0.06% wt. The
composite layer of the uniformly reinforced model had a layer thickness of 0.4 um. The actual
sprayed pattern size is shown in Figure 29 in a photograph taken by a scanning electron

microscope (SEM).
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Figure 29. Actual sprayed pattern on AZ31

Fails around pattern —
Figure 30. Failure comparison between simulation and experiment for the 2 pm sample
Figure 30 presents the fracture comparison between the FEA simulation and the
experiment. Both results show that the hard phase in the composite holds its shape and resists
bending. Unlike the uniform layer-reinforced composite, the fracture in the pattern-reinforced
composite in both the simulation and the experiment occurred in the matrix material. This means
that the matrix phase of the pattern-reinforced composite contributes to the deformation during

the SPT when compared to the uniform layer-reinforced composite.
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Figure 31. Force vs. displacement curve of the uniform reinforced layer composite and the
pattern-reinforced composite following the SPT

As shown in Figure 31, the pattern-reinforced composite had greater strength and
toughness. The uniform reinforcement increased the stiffness of the material because of the
brittle composite layers. These brittle layers failed first and created cracks inside the specimen
during the SPT. The stress and strain at selected locations of the two models were compared in
order to study how the two reinforcement structures affected material strength. Ten elements
were selected from the last reinforcement layer of each model. The 10 elements were chosen
starting from the center of the layer and moving to the edge, as shown in Figure 32. The distance
between all adjacent points was equal. In the pattern-reinforced layer, the elements were chosen

from the hard phase and the matrix alternately starting from the single pattern at the center.
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Figure 32. 10 Elements selected from the last layer of reinforcement

Von Mises stress and the equivalent plastic strain of these ten elements are plotted in

Figure 33 and Figure 34.
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Figure 33. Stress comparison between uniform reinforced layer composite and pattern
reinforced composite
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Figure 34. Strain comparison between uniform reinforced layer composite and pattern
reinforced composite
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As shown in Figure 33, larger stress was observed at 0 mm and 0.5 mm away from the
center in the uniform reinforced composite. This indicates that a large localized stress was
created at the center of the uniform reinforcement layer compared with the pattern-reinforced
layer. In the uniform reinforced composite, the hard phase layer prevented most of the load from
bending. This resulted in a high load concentration at the center of the thin and brittle
reinforcement layer, which caused the layer to crack easily. In Figure 34, the plastic strain
clearly shows that the center of the layer had a larger deformation at a punch displacement of 0.8
mm. But the pattern-reinforced composite had smaller localized stress and the hard phase
patterns tended to share the load evenly. At a punch displacement of 0.4 mm, both composites
showed a similar distribution of stress and strain. At a 0.4 mm displacement, the material was
starting to transition from region I to region II. After the 0.4 mm punch displacement, the
pattern-reinforced composite specimen moved into stage II, where the center of the disc was
completely deformed. Then the material went through membrane stretching, constituting stage
III. In contrast, the uniform composite specimen failed at stage II, the plastic bending stage. The
plastic deformation did not occur through the entire thickness at the center of the specimen. This
happened due to the uniform hard phase layers. The layers were non-ductile compared to layers
in the matrix material. They resisted bending and failed at a smaller punch displacement. This
created cracks that opened earlier than cracks in the pattern reinforced composite. A visual
comparison is shown in Figure 32. The stress-strain comparison of the hard phase is presented in

Figure 35 and Figure 36. The elements were selected from the center of the hard phase layer.
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Figure 35. Stress in center of hard phase layer comparison between uniform reinforced
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layer composite and pattern reinforced composite through the thickness at 0.8 mm punch
displacement
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As shown in Figure 35, the hard phase material in the uniform layer-reinforced composite
showed larger stress than the hard phase in the pattern-reinforced composite. This indicates that
large localized stress in the center of the hard phase layer was produced. This large concentrated
stress is dangerous and can cause a crack to open in the hard phase layer. As seen in Figure 36,
greater strain was found in the hard phase layers of the uniform-reinforced composite, as
expected. Within the uniform-reinforced composite, the larger strain occurred in layers close to
the bottom. This indicates that the fracture started in the bottom layer of the hard phase. Once

the crack began, the whole specimen soon failed.

3.4 Improved Design Analysis by FEA

The thickness of the reinforcement phase was increased to understand its impact on
overall composite strength and ductility. Two additional pattern configurations of 20 pm and 50

pum in thickness were simulated, as shown in Figure 37.
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Figure 37. Simulation results for pattern composite with different pattern thicknesses

As shown in Figure 37, the strength of the composite material was enhanced as expected.
The maximum load increased 60% with the 50 um thickness pattern and 20% for 20 pm pattern.
The maximum displacement decreased due to the larger amount of brittle phase material added
to the composite. It reduced the overall ductility of the composite. The simulation results
showed that failure always occurs in the matrix. But the hard phase did not fail in any of the

three models.
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Figure 39. Strain comparison between different pattern thicknesses at force 1100 N
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The elements in Figure 38 and Figure 39 were alternately selected from the pattern and
the matrix starting with the pattern in the bottom pattern layer, as shown in Figure 32. Three
models are compared at the same force response in the curve shown in Figure 37. The stress
distribution of the thinner pattern composite is larger than the stress distribution in the other two
models. More energy has dissipated in thinner pattern composite since it has a larger
displacement at the same force response. Figure 39 shows that smaller thickness composite has a
larger strain at the same force level. It indicates that the material is going to fail earlier than the

material in the other two models.
3.5 Conclusions

Simulation was completed for the alternating uniform layer-reinforced composite and
pattern-reinforced composite to understand the strengthening effects of the latter. In the uniform
layer, highly localized stress was observed at the center of the composite during bending because
the hard phase is unable to undergo deformation. This resulted in earlier cracks in the layer and
the whole specimen failing at small deformations. The membrane stretching stage was absent
from this composite because of the low ductility of the layer. With pattern configuration, the
stress distribution was more uniform throughout each composite pattern. These patterns helped
to prevent bending while the matrix material allowed deformation during stage III of the SPT,
which led to better performance in material strength and ductility. With an understanding of the
failure mechanism in the pattern composite, two thicker pattern reinforcement configurations of
20 pm and 50 pm pattern thickness were simulated. Compared with the original composite, the

strength of the two thicker composites improved by 20% and 60%, respectively.
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CHAPTER 4. SUMMARY

In this study, the strengthening effects of a pattern-reinforced composite were
investigated using an FEA simulation method. The SPT was performed on a fabricated
composite and the results were used to verify the FE model, which was then used for analysis.
First, FEA simulation was used to investigate the influence of material properties, elastic
modulus, yield strength, ultimate strength, and fracture strain on the four stages of the SPT. In
addition, a modified energy dissipation equation was proposed for the SPT to eliminate the
effects of sheet thickness and ball size.

The FE simulation was performed on pattern-reinforced composites, showing that the
pattern reinforcement helped to distribute stress and strain during deformation. This resulted in
higher strength when compared with a uniform alternating composite. A simulation tool was
used to predict improved strengthening effects for thicker reinforcement phase designs of 20 um
and 50 pm.

The work showed that composites with complex structures may offer important
properties that cannot be achieved using conventional composite systems. Further work is
needed to accurately predict and understand the complex interactions between the different

phases.
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