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ABSTRACT
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Intermediate strain rates are an interesting topic for many industrial sectors such as the
automotive sector. Intermediate strain rates are important in the change of the material
behavior and the material deformation process from low to high strain rates. However,
due to experimental challenges, material characteristics at intermediate strain rates are
rarely defined, creating a gap in the experimental data between low and high strain rates.
One major challenge for experimental data in the intermediate strain rate region is the
limitation of commercial load cells. Intermediate strain rate frequencies coincide with the
natural frequency of these devices, which result in high noise. Therefore, new testing
methods and experimental test data with intermediate strain rate loadings are required. In
this study, an intermediate strain rate testing device is designed, produced and tested for
three different materials: AA6061-T6, OFHC Copper and Polycarbonate. 3D Finite

element simulations are conducted with LS — Dyna software for each material tests.



Experimental and numerical results are given and compared to numerical simulations and
literature data. Comparison of numerical and experimental results showed a good match
between simulations and experiments. Furthermore, experimental data compared to

literature showed less than 10% error in all tests.

Keywords: Material Testing, Johnson — Cook Material Model, LS — DYNA, Split —

Hopkinson Pressure Bar, Wave Separation, Intermediate Strain Rate
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OZET

ORTA GERINIM HIZLARINDA MALZEME TESTLERI ICIN TEST SISTEMIi
TASARIMI VE UYGULANMASI

Miicahid Furkan KELES

Yiiksek Lisans, Makine Miihendisligi Boliimii
Tez Damismani: Prof. Dr. Bora YILDIRIM

March 2024, 50 sayfa

Otomotiv sektdrii basta olmak {izere orta gerinim hizlar1 bir¢ok endiistriyel sektor i¢in
onemli bir konudur. Orta gerinim hizlari, yavas gerinim hizlarindan yiiksek hizlara
gecerken malzemenin davranisinda ve deformasyonundaki degisim i¢in Onemlidir.
Ancak, deneysel zorluklar nedeni ile orta gerinim hizlarinda malzeme davranisi nadiren
tanimlanir. Bu zorluklarin temel nedeni orta gerinim hizlarinda toplanmasi gereken veri
frekanslarinin ticari olarak satilan gerinim sensorleri tarafindan dogru bir sekilde
Ol¢iilememesidir. Bu gerilim hizlarinda goriilen frekanslar gerinim oSlgerlerin dogal
frekansina yakindir ve bu nedenle veride giiriiltii ¢ogalir. Bu da yavas ve hizli gerinim
hizlar1 arasinda bir bosluga neden olur. Bu nedenle, orta gerinim hizlarinda yeni test
sistemleri ve deneysel veriye ihtiya¢ vardir. Bu ¢alismada, orta gerinim hizlari i¢in bir
test sistemi tasarlandi, iiretildi ve li¢ farkli malzeme ile test edildi: AA6061 — T6, OFHC
— Bakir ve Polikarbonat. Her malzeme i¢in 3 boyutlu sonlu eleman simiilasyonu, LS-

DYNA yazilimi ile yapildi. Deneysel ve niimerik simiilasyon sonuglar1 verildi ve literatiir
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ile karsilastirildi. Niimerik ve deneysel calismalarin karsilastirilmast sonucunda iyi bir
uyum goriildii. Deneysel testlerin literatiir ile karsilastiriimasinda ise hata orani her

malzeme i¢in %10 ’un altinda bulundu.

Anahtar Kelimeler: Malzeme Testleri, Johnson — Cook Malzeme Modeli, LS-DYNA,
Ayrik — Hopkinson Basing Bari, Dalga Ayristirma, Orta Gerinim Hizi
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1. INTRODUCTION

1.1. Strength of Materials

Strength of a material is often defined as the resistance of a material before it fails or
plastically deforms. When a material is subjected to external loads, stresses and strains
develop within the material due to internal forces in the material structure [1]. An example

of a steel material under uniaxial tension loading is given in Figure 1.
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Figure 1: Example of a stress vs. strain graph [1].

In general, material response is examined under two main regions: elastic and plastic region.
Yield strength of a material separates these two regions after which a material deforms

plastically until fracture.
1.1.1. Elasticity

Elasticity works with elastic stresses and strains in materials. Elastic strength of materials
can be explained with Hooke’s Law which states that stress is directly proportional to strain

and the elastic modulus of material. (See Equation 1)

o = Ee¢ (1)



Hooke’s Law is valid in stress vs. stress curve region before the proportionality limit. Where

o is the stress, E is the modulus of elasticity and € is the strain.
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Figure 2: Example of a stress vs. strain graph for low carbon steel showing Hooke’s Law
[2].
1.1.2. Plasticity

Plasticity investigates material behavior after yielding. Response of material to external
loadings in plastic region is harder to predict than elastic region due to effects such as strain
hardening, temperature softening, necking, crack propagation, etc. An example can be seen
in Figure 3, which depicts stress vs. strain curves for AISI 1040 steel material with different
heat treatments. It can be seen that response of material in plastic region changes

dramatically [3].
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Figure 3: Stress vs. strain graphs for AISI 1040 steel with different heat treatments [3].



In order to predict plastic response of materials, different equations are used. One of the most
commonly known equations is the Ludwik — Holloman equation which represents the stress

— strain relation in polycrystalline metals [3]:

0 = 0y + Ke" 2

Where exponent n is called the work-hardening coefficient and K is a constant depending on
the material. Another equation was created by Voce, which uses empirical parameters to

represent the relationship between stress and strain [3]:

%570 ep (= 3)
=P (D)

Og —
Where g, gy and ¢, are empirical parameters depending on material, temperature and strain
rate. There are many other equations used to determine the plastic response of materials such

as Zerilli — Armstrong and Material Threshold Stress equations. However, the most known

and commonly implemented in finite element analysis codes is the Johnson — Cook equation

[4].

6 = (o4 + Ke) (1 +C lni) [(1 - ﬂ)m] )

€o Tm - Tr

Where o, is the initial yield strength and K, n, C, m are material parameters representing
strain hardening, strain rate hardening and temperature softening. € is the strain rate, €, is
the reference strain rate, Ty, is the melting temperature and T; is the reference temperature.
An example of the Johnson — Cook representation of the plastic response can be seen in
Figure 4.
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Figure 4: Johnson — Cook equation representation of plastic response and experimental
data [5].



1.1.3. Strain Rate Hardening

Most materials show strain rate dependent mechanical behavior. Strain rate dependence of
metals has been studied extensively for fifty years. One of the first studies about the strain
rate dependent behavior of metals was conducted by Kolsky [6]. In his studies, he designed
Kolsky Bar testing system which is now a commonly used dynamic testing system. Strain
rate dependent behavior of metals is still an active research topic due to increased studies

about ballistic impact dynamics.

Metals under high strain rates generally show different deformation and fracture compared
to low strain rate loadings. One effect of high strain rates on metals is called strain rate
hardening. Strain rate hardening causes metals to become stiffer. Although, this effect is
almost negligible until high strain rates (10%s™), it becomes very significant under very high
strain rates (10°s™") [7]. Effect of strain rate to material strength is visualized below in Figure

5.
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Figure 5: Effect of strain rate hardening on steel yield stress [7].

As it is seen on Figure 5, steels show increased yield stress with increasing strain rates. This
effect is small under 10° s™! strain rates but there is a sharp increase of strain rate hardening
after an inflection point around 10° s!. This region of increased strain rate hardening depends

on material type.



Similar results have been published for some engineering polymers such as PMMA and
Polycarbonate [8]. Figure 6 below, shows results of quasistatic and dynamic tests on PMMA

and PC materials.
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Figure 6: Compressive stress vs. strain graphs two polymeric materials. A: PMMA, B:
Polycarbonate [8].

Glassy amorphous polymers such as polycarbonate and PMMA shows strain rate hardening
under intermediate to high strain rates. Such polymers show a sharp increase of strain

hardening in intermediate strain rates (10° s™' — 10% s™) [8].

Strain rate dependence of materials not only effects material strength but material failures
modes as well. An extensively researched property of metals is the ductile to brittle transition
temperature (DBTT). Metals that are ductile under normal conditions show ductile failure
properties under lower temperatures. Similar to this, ductile materials show highly brittle
failure behavior under high strain rates. Another important aspect of strain rate dependence
for material failure is the adiabatic shear bands. Adiabatic shear bands are usually seen in

metals that are under high strain rates [9].



Figure 7: Adiabatic shear bands seen in tungsten alloys. A: adiabatic shear bands after
dynamic compression test, B: polished and etched shear band [9].

1.2. Materials Testing

In order to uncover model material plasticity and failure behavior in numerical simulations
extensive tests must be done. Generally, many different types of tests are required to
completely simulate a material using a common material model such as the Johnson — Cook
material model. Some of the most used materials testing methods are quasistatic uniaxial
tension tests, high temperature tension tests, dynamic compression and tension tests, Taylor
impact tests and plate impact tests [3]. Figure 8 shows some of these different testing
methods for different strain rates. Materials testing methods can be categorized in two main

groups: quasistatic materials testing and dynamic materials testing.
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Figure 8: Material testing systems for different strain rates [10].



1.2.1. Quasistatic Testing

This is the most commonly used materials testing method to understand fundamental
material response such as modulus of elasticity, yield strength, ultimate tensile strength and
failure strain. In this method, an actuator is used with a load cell that captures forces acting
on the specimen and an extensometer that records material deformation [11]. Schematic of

a universal materials testing system can be seen below in Figure 9.

@ilji(—)) Space for Tension test

: Extensometer Measure
Elongation (Extension)
Space for Space for

Compression/Bend/
Shear/Flexure tests

Load Cell

Displacement Sensor

Qil Cylinder (Piston)

Figure 9: Schematic of a universal testing system [11].

Depending on the properties of the testing system, different deformation speeds can be
chosen. This is achieved by changing the crosshead speed. Crosshead is the speed of the
fixture that is connected to the specimen. Generally, crosshead speed range for standard
systems are between 0.001 mm / min and 1000 mm / min. Some specialized high speed
testing systems that use hydraulic servo actuators can reach crosshead speeds of 20 m/s [12].

Schematic of a high-speed testing system is given in Figure 9.
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Figure 10: Schematic of a high—speed testing system and high—temperature testing [3].

Universal testing systems can also be equipped with a high — temperature testing equipment.
This allows them to heat up the tested specimen before testing to observe temperature

softening or other related material properties. Such a system is shown in Figure 10.

Furthermore, there many specimen types that can be used with a universal testing system.
Different shaped specimens are used to observe materials’ strength and failure properties

under different loads. Some of these specimen types are [13]:

e Uniaxial tension specimens,
e Uniaxial compression specimens,
e Notched and pre-damaged specimens,

e Shear compressive specimens.

Figure 11: Standard tensile specimen, central-hole specimen, notched tensile specimen,
tensile specimen, notched tensile specimen [13].



In Figure 11, different specimen types designed to explore material’s failure behavior can

be seen.

Universal testing systems use load cells to measure forces on the specimen. Load cells are
piezoelectric devices that can transform forces to electric signals [14]. Load cell
measurements are generally accurate up to strain rates 1 s™'. This is due to the natural
frequency of load cells [10]. There have been studies exploring custom — made load cells
that can measure faster deformations speeds accurately. Xia et al. conducted various tests
with a high — speed hydraulic servo testing system to design a custom — made load cell which
reduced vibrations and allowed accurate measurement of forces [10]. Tests were conducted
under 10 s!, 100 s™! and 200 s™! strain rates and accurate results are reported. These can be

seen in Figure 12. However, these load cells are not commercially available.
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Figure 12: Customized load — cell and results by Xia et al. [10].

Universal testing systems use extensometers to measure the deformation of the specimen.
There two main categories of extensometers: mechanical extensometers and video
extensometers. Mechanical extensometers measure displacements by physically sensing the
movement of the specimen and video extensometers use digital image correlation [15].
Using force data obtained from the load cell and displacement data from the extensometer,

stress vs. strain curves can be obtained with this testing method.
1.2.2. Dynamic Testing

Materials show different thermomechanical behavior under dynamic loads and in order to
understand this behavior many different dynamic testing methods are used. Some of the best-
known tests are: Taylor impact tests, plate impact test and split — Hopkinson pressure bar

tests [3].



Taylor impact tests are conducted by impacting a cylindrically — shaped specimen onto a
rigid plate. Taylor impact tests are designed and first used by Taylor in 1948 as a low — cost,
high impact energy test that also has good repeatability [3]. Taylor impact tests are used to
obtain dynamic yield stress of the material by measuring the final dimensions of the
specimen. Depending on the shape of the final state, dynamic strength properties of the
material is determined [16]. Figure 13 shows a schematic of the test and an example of the

final specimen shape.
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Figure 13: Schematic of Taylor — impact test and specimen shape before and after testing
[17][16].

Plate Impact tests are similar in principle to Taylor impact tests. Plate impact tests use plate
specimens instead of slender cylinders to achieve higher strain rates in the specimen. In plate
impact tests, specimen is mounted and remains static while a rigid projectile is accelerated
using generally a gas gun. When the projectile impacts the specimen a uniaxial — strain state
is obtained in the specimen due to its plate shape. Effects of this state and very high strain
rates (>10° s') achieved during the test is generally recorded using a “velocity interferometer
system for any reflector (VISAR)”. VISAR measurement system can obtain velocities at
very high frequencies at a point on the specimen. To obtain the velocity values for the
impacted specimen, probes are mounted on the back side of the specimen. These probes are
connected to VISAR system which records the velocity profile during the test with an
oscilloscope. Velocity profile obtained with VISAR can be used to calculate yield stress,
strain and strain rates. Furthermore, data about the spall resistance of the material can also
be obtained with plate impact testing. Figure 14 shows a schematic of plate impact test and

an example of velocity profile obtained with VISAR [7].
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Figure 14: Example of a plate impact test setup and VISAR velocity profile with material
properties [3] [7].
Split — Hopkinson pressure bar tests are very common for dynamic materials testing. While
Taylor impact and plate impact tests obtained material data indirectly, split — Hopkinson
pressure bar testing method can obtain stress vs. strain curves directly from the specimen. It
is also very straightforward and studied extensively by many researchers over the last fifty

years [18].

Split — Hopkinson pressure bar test systems can be used similar to universal testing systems
to obtain compression, tension, shear or failure data of the material. This is achieved by
changing the specimen shape and the testing setup from compression to tension [18]. An
example of a split — Hopkinson pressure bar system for compression testing schematic is

given in Figure 15.
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Figure 15: Split — Hopkinson Pressure Bar compression test system [19].

Split — Hopkinson pressure bar (SHPB) system consists of a gas gun, three slender bars
generally made up of high strength steel and a cylindrical specimen. Gas gun is used to
accelerate the striker bar which impacts with the incident bar. This impact generates a
compression wave travelling across the incident bar, this wave is called the incident wave.
Specimen is put between incident and transmission bars. Incident wave deforms the specimen
and continues to propagate through the transmission bar while a reflection wave propagates
backwards through the incident bar. There are two strain gauges cemented to incident and
transmission bars, and these strain gauges capture incident, transmission and reflected waves.
Strain histories of these waves are used to calculate stress, strain and strain-rate histories of the

specimen according to the given formulas below [18].

t

e(t) = _ZL&I & (t) dt %)
0
ALE

o(t) = ——&(t) (6)

2
0 = —Le® -

where: L, As are the length and the cross-section area of the specimen; E, Ay, ¢, are the Young’s
modulus, the cross-sectional area, and the elastic wave velocity of the pressure bar, respectively

[18].

Split — Hopkinson pressure bar system is generally used for dynamic materials testing

between strain rates 10? s and 10* s”!. However, there have been studies about achieving
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lower or higher strain rates with modified split — Hopkinson pressure bar systems. One of
such modifications is the miniature Hopkinson bar (See Figure 16). Miniature Hopkinson
bar can achieve higher strain rates (10* s — 10° s™!) [18]. This is achieved by reducing the
diameter of the bars which allows one to use smaller specimens, therefore achieving higher
strain rates. Another modification is the long Hopkinson bars. Long Hopkinson bar can
achieve lower strain rates than a standard Hopkinson bar. This is due to increased test time

achieved by increasing the length of the transmission bar [18].

Figure 16: Miniaturized split — Hopkinson tension bars [18].

1.2.3. Intermediate Strain Rate Testing

In order deliver experimental data for materials used in engineering, a variety of techniques
have been proposed to fill the hole between quasi-static and high strain rate testing. One
option to conduct experiments with an intermediate strain rate regime was to use servo-
hydraulic machines. Nevertheless, the accuracy of the test results is not particularly high.
The issue is that high inertia throughout the experiment affects stress-strain data, and
recordings made from these kinds of devices are frequently noisy and exhibit significant
oscillations. Consequently, only strain rates lower than 10 s™! may be reliably measured by

servo-hydraulic devices [11].

Following the invention of the split — Hopkinson bar technology, a few researchers attempted
to alter the traditional dynamic split Hopkinson pressure bar device in order to increase the
loading time and produce a deformation rate in the intermediate rate domain. The test's time
being constrained by the bars' length is the primary disadvantage of the altered apparatus,
though. The specimen cannot develop a considerable strain at medium strain rates for such

a time. Consequently, a different loading method needs to be used. In the past ten years,
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some researchers have created specialized test apparatuses that can conduct intermediate
strain rate tests to investigate material characterization. These include commercial machines
created by companies like Instron and Shimadzu, as well as elastic-bar-type systems,

modified servo-hydraulic load frames, drop tower and flywheel device [11].
1.2.3.1. Drop Tower

Drop tower tests are conducted by dropping a mass onto a structural component. Drop tower
device is commonly used to analyze the behavior of the material as it crushes and collapses.
Its primary application is in medium strain rate testing. Very little work has been done
recently to create specialized equipment and technologies that would enable drop towers to
conduct testing under varied weights utilizing precise load measurement methods like the
Hopkinson bar technique or unique piezoelectric load cell. Bo Song and his associates
created the "Dropkinson" bar, a novel tensile testing tool that can test at an intermediate

strain rate, in 2018. The gadget was inspired by the drop tower [20].

Figure 17: Dropkinson bar setup and specimen used in Dropkinson bar method [20].

The Dropkinson bar loading mechanism is a combination of a Hopkinson bar and a drop
table that produces a consistent strain rate while facilitating steady and long-lasting impact
velocity and specimen deformation. To lessen the impact of inertia in the system, the load
history was measured using a lengthy Hopkinson bar system. The drop table and the
Hopkinson bar are fastened in parallel. As seen in Figure 17, the trolley's free fall impact is
produced using the drop table. During the test, the impact plate's center is struck by a

cylindrical steel impactor that is fastened to the bottom of a carriage [20].
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Following the carriage's free fall, the impactor attached to the carriage's bottom collides with
the impact plate in the middle. The impact plate transmits the impact load to the tensile
specimen under dynamic tension. The tensile stress wave enters the vertical bar via the
specimen and bar end. The strain gauges affixed to the bar record the specimen's load history.
A special laser extensometer is also employed to calculate the specimen strain. The newly
designed Dropkinson bar has produced consistent results. However, there is substantial
ringing noise, which may affect the force and strain readings as a result of the hit between

the impactor and the moving metallic carriage [20].
1.2.3.2. Modified Kolsky Bar Test Method

Hybrid methods with modified servo — hydraulic load frame is another important system
used in intermediate strain rate testing. LeBlanc et al. developed and introduced a new hybrid
testing equipment in 1996 to perform intermediate strain rate tests to enhance the load
measurement data obtained in high-speed servo hydraulic machines [21]. A servo-hydraulic
machine was combined with the split Hopkinson bar technology to create this device. The
device combines the loading capabilities of a servo-hydraulic testing machine with a
Hopkinson bar load measurement approach. Othman conducted an experiment using a
typical servo-hydraulic machine with a maximum speed of 16 m/s [22]. A steel bar with a
length of 820 mm is fastened to the machine's upper crosshead. The strain gauges are
connected to the bar. These gage placements enable for effective signal deconvolution. The
specimen is connected to the bar as well as the lower crosshead. The high-speed video
camera is set up in position so that the displacement field may be captured using the digital

image correlation approach [23] [24].
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Figure 18: a) Modified Hopkinson bar device, b) stress vs. strain results using piezoelectric
load cells (P1,P2) and Hopkinson bar method (B3,B4) [22].

The load sensors and Hopkinson bar approach are used to record the load records, and Figure
18 compares the stress-strain curves obtained from the two methods. Comparing the stress
curve obtained with the Hopkinson bar method with that obtained with a piezoelectric load
sensor, significant oscillations are seen. Stress waves, including reflected waves, are what
creates the oscillations in the piezoelectric load sensor [10]. These studies show that, as
compared to the conventional load cell, the hybrid test approach greatly enhances the quality
of stress-strain test results. At an intermediate strain rate of around 100 s, this novel

Hopkinson bar approach for measuring the load exhibits less fluctuating behavior.

One benefit of using a hybrid testing device is that it provides more accurate stress-strain
data since it exerts a continuous force during the test. By utilizing the strain gage that is
fastened to the bar, the load may be calculated directly. Due to the particular length of the
bar, the test's loading period was limited to 1 ms, which does not provide the specimen with
enough strain. Additionally, Othman et al. altered the hybrid testing equipment to enhance
the load measurement method by extending the test duration and utilizing the "wave

separation method" to conduct the test at different strain rate regimes [22].

After an extensive literature survey, the most effective method for intermediate strain rate
materials testing is found to be the hybrid method designed by LeBlanc and improved by

Othman et al [22]. In this study, a modified servo — electromechanic Hopkinson bar system
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is designed, manufactured and tested using their previous research. Aim, of this study is to
be able to create an intermediate strain rate materials testing system with accurate and

repeatable results.
1.2.3.3. Wave Separation Techniques

In conventional Hopkinson bar, strain rate is limited to high values dues to its limit on
loading time. Formula for loading time and maximum strain in material is given in (8 below

[25].

Loading Time = L (8)
oading Time = o=

Where L is the length of the Hopkinson bar and C is the speed of sound for Hopkinson bar.
Stress wave travelling in the Hopkinson bar reflects from its end and when this reflected
wave reaches the strain gauges used for stress measurement data becomes unusable.

Therefore, wave separation methods are devised to overcome this challenge.

The effects of any number of separate waves can be distinguished from one another using
wave separation techniques, which include processing at least two data, using mathematical
tools. Lundberg, Henchoz, and Yanagihara implemented it to the Kolsky bar for the first
time [26] [27]. The test time constraint brought about by the waves' overlap in strain gauge
cross-sections is solved by the application of wave separation techniques. Either the
frequency expressions or the temporal expressions of waves serve as the foundation for wave

separation approaches [25].

The elementary wave theory of thin elastic rods served as the foundation for the development
of the time domain wave separation techniques. Specifically, each cross-section of the bar's
displacement may be expressed as the superposition of two waves traveling in opposite

directions but at the same constant speed [25].

u(xt)—f(t—§)+ (t+§) 9)
' o/ TEUTL
where c is the sound speed, f is the displacement caused by the incident wave, g is the

displacement caused by the reflected wave, and x is the cross-section location and t is time.

Lundberg, Henchoz and Yanagihara proposed to use two strain gauges on the bar to calculate
the force and velocity at the specimen — bar interface. With the assumption that bar is slender

and elastic, they have formulated strain and velocity as follows [26] [27]:
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go(t) = go(t—2T) + go(t+ Ty) — &, (t + Ty — 2T,) + &,(t — T,) (10)
—&(t—T, +2T))
YO =21 Ty — e (4T, — 2T + £ (t—T,)

C C (11)
+¢&,(t—T,+2Ty)

Where &,(t) and v,(t) are strain and velocity at specimen — bar interface. T; is the wave
arrival time to the first strain gauge. Similarly, T> is the wave arrival time to second strain gauge.

T is the time difference between T and T2 [25].

Using this method, velocity and strain can be measured after the reflected wave passes strain
gauges. This allows for infinite loading time since measurement is no longer a concern.

However, there are some points to note when using this method [25]:

- This model is based on 1D wave propagation theory in slender bars; therefore, wave
dispersion is neglected.
- This wave separation method is sensitive to noise in strain gauge measurements and

errors on strain gauge locations.

In order to solve the problem of noise generation in this model, Jacquelin and Hamelin
proposed a new method using three strain gauge readings and one velocity measurement at

any strain gauge position of the bar [28].

Building on the Lundberg and Henchoz model (see Equation (9)), Jacquelin and Hamelin
examined frequency domain calculations of the incident and reflected waves. They used
Fourier’s transform to Equation (10) and obtained the following frequency domain formula:

Ej(w) sin(wTg) — Eg(w) sin(wTy)
sin(wT)

Ey(w) = (12)

Where E;(w) is the Fourier transform of €;(t).

Denominator of equation (12) becomes zero at the frequencies shown in equation (13, this

was remarked by different authors [28].

fo=— (13)

This meant that at certain frequencies the equation is not defined. Technique of Lundberg

and Henchoz cannot solve for strain data at certain frequencies. Jacquelin and Hamelin
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discussed that this limitation is a function of the location of strain gauges and rewrote the

equation as follows:

c
ka,B — (fk) (14)
2(xp — x,)
Where x, and xp are the strain gauge locations.

According to this method, it can be seen that a third “well — positioned” point for strain
measurement can be chosen so that there is always a pair of points which will allow the
determination of the equation 14 at all frequencies. When there are three points for strain

data, three different pairs of measurement can be calculated [28]:
€a(t) — ep(t)
ea(t) — ec(t) (15)

ep(t) — €c(t)

Where €,4(t), €g(t), €-(t) are three different strain measurements.

Jacquelin and Hamelin determined that the position for the third measurement point is given

by the following equation:
Xc —Xp = X4 — Xo (16)

Proposed locations of the three points and the characteristic wave diagram for this is shown

in Figure 19.
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Figure 19: Characteristic wave diagram for an elastic bar with three strain gauges. A)
depicts the incident wave, B) depicts the reflected wave [28].
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Using the characteristic diagram for waves in Figure 19 it is possible to formulate the relation

between strain measurements and strain at x = 0 as [25]:

go(t) = e(xy, t +Tp) + e(xp, t —=T) —e(x3, t + Ty — T5) (17)

And velocity at x=0 as:

t ,t+T1—T
”"C()=—e(xl,t+T1)+e(xz,t—Tz)—”(xg ! 2 (18)

Method of Jacquelin and Hamelin solves the noise problem of the previous model [29].
However, it uses a velocity measurement at a strain gauge position for velocity at x=0. Such
velocity measurements (Photon Doppler Velocimeter) are very hard to implement and are

rarely used in Hopkinson bar systems [30].

Other wave separation methods which use frequency domain calculations aim to include
wave dispersion effects and derive wave separation methods that can work with viscoelastic
bars that have high wave dispersion compared to elastic bars. Zhao and Gary are the first to
work on this method, they based their solution on Lundberg ang Henchoz method. They
developed an iterative method with frequency domain calculations. Their solution follows

this calculation scheme [31] [32]:
60 (2, 0) = €@, 1)
+00
gi(k+1)(x2' £) = f e—i(s‘(w)A—wt)é:i(k)(xl'w)da)
e (g, 1) = e D (xy,8) — eV (a0, ),k = 0. N

+00
e (xy, 1) =_[ e~ i€@hr-00 204D () 4)dw

e (xy, 1) = £ @D (g, 1) — eV (o, 1)

Where ¢; is the strain measurement from the incident wave and &, is the strain measurement
from the reflected wave. x; and x, are the first and second strain gauge locations and K is

an integer bigger than 0.

Using this method Zhao and Gary achieved a test duration of 30 ms which leads to high
enough strains for intermediate strain rates. Errors from this iterative method accumulates

and increases substantially after 30 ms [32].
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1.3. Numerical Simulations

Numerical simulations are used for design and optimization purposes in many industrial
applications. Numerical simulations can be done using implicit or explicit time integration
methods. Choice of time integration method depends on the phenomena. Implicit time
integration uses bigger time steps however, at each time step, iterations for the solution must
be done to achieve a convergence [33]. Generally, this method is used for static applications
where there are no nonlinearities in the system. Explicit time integration method uses smaller
time steps but does not require iterations. Explicit time integration is used in dynamic
problems that have nonlinearities and high deformations. Materials testing under high strain
rates require the use of explicit time integration method to achieve accurate and efficient
results. Similarly, intermediate strain rate testing also requires explicit time integration

methods to capture inertia effects (wave propagation) [33].
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Figure 21: Implicit and Explicit Time Integration Methods [34].

21



Another important part of finite element analysis is the selection of FEA method selection.
There are two important FEA methods used in explicit simulations: Eulerian and Lagrangian
methods. Eulerian method is generally used to model fluid or fluid — like materials while
Lagrangian method is used for solids. Main difference between the two methods is the
movement of the material with respect to nodes. In Lagrangian method nodes are attached
to the material while in Eulerian method they are not. Therefore, material follows the node
displacements in Lagrangian method. However, in Eulerian method material moves while
nodes are fixed. In order to simulate material movement in this method, an advection step is
added to FEA chain that fills and empties element volumes with respect to material

movement [35].

\/

Lagrangian step Eulerian step

Figure 22: Lagrangian and Eulerian Steps [35].
All finite element simulations in this study were done using LS — Dyna software. LS — Dyna
is well — known for its robust explicit finite element solver. It includes many different
material models and contact algorithms. It is widely used in automotive and aerospace
industry. LS — Dyna was first developed by John O. Hallquist at in 1976. By that time, it was
called DYNA3D and was the only 3D simulation software capable of modeling impact. Later
on, DYNA3D implemented a general single surface contact for the first time in the world in
1986. In 1988, Livermore Software Technology Corporation (LLNL) was founded and
DYNA3D was renamed to LS — DYNA3D. LLNL continuned to develop LS — DYNA in a
more focused way with many company collaborations. Finally, in 2019 LSTC was acquired

by ANSYS and it still keeps on developing according to industry needs [36].

In this study, a modified Kolsky bar testing system was designed for intermediate strain rate
material testing. Numerical simulations in LS — Dyna software was prepared and used for
the system’s design. After numerical solutions, system was manufactured and tests with
three different materials was conducted. Materials chosen for testing was: Polycarbonate,

Aluminum alloy 6061-T6 and oxygen free high-conductivity copper. These tests were
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repeated to ensure the validity of the results and experimental data was compared to literature

and numerical simulations.

Scope of this thesis is the design, production and testing of a novel intermediate strain rate
material testing device. Design of the device consists of four main components: loading
system, data acquisition, supports and specimens. Each component is selected based on their
efficiency and cost. Numerical simulations of the design are performed before assembly to
ensure safety. Finally, the system is tested with 3 different materials to prove its validity.
Literature data of selected materials are used for comparison and wave separation is applied

to reduce noise in test data.

2. NUMERICAL STUDIES

Numerical simulations for the testing system were conducted using LS-Dyna MPP explicit
solver. Explicit time integration method was chosen due to dynamic effects and in order to
better capture wave propagation in the output bar. Test duration of the system was estimated
to be around 20-40 ms, and this duration was used as initial termination value for the
analysis. All simulations were done using Intel Xeon E5-2670 CPU with 16 processors and

simulation time was approximately 1 hour.

Figure 23: Finite element simulation model of the testing system

2.1. 3D Modelling of the Testing System

Firstly, every part in the testing system was 3D modelled using the Siemens NX, CAD
software. Some simplifications were done to these parts to ensure the quality of the mesh
and to ensure a high enough timestep size. For example, every threaded part was modelled
without threads, small radiuses around the edge of the parts were simplified, bolts are not

modelled, loading system was simplified to only its linear rod.
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Meshing of the system was done in ANSA pre-processor. This software allows for high
quality hexagonal meshing. Resulting meshes can be seen in Figure 24. The finest mesh was
used in the specimen since it was the most important part and other parts such as supports
was meshed with a coarser grid. Average element size was 5 mm for all parts except the

specimen which has a minimum element size of 1 mm.

D (N

Figure 24: Finite element models of the testing system parts. A: End support, B: Specimen,
C: Specimen — Bar interface, D: Linear bearing.

2.2. Simplifications on Boundary Conditions and General Contact

There are many threaded connections used in the testing system. However, modelling
threaded parts has a high computational cost. In order to achieve reasonable simulation times
and to have a more stable numerical model, tied contacts are used instead of threaded
connections. Tied contact assumes that selected regions of the parts move together and are
inseparable unless there is erosion in one of the parts. Since, all parts in the testing system
remains elastic during tests, no erosion will occur and tied contacts can model threaded

connections good enough.

Furthermore, testing system was fixed to the ground by long bolts in the concrete. In
numerical simulations, system is fixed using simple boundary conditions. This is an artificial

constraining method and does not allow any movement or rotations at the selected nodes.
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This is also a good enough approach because no movement is expected at the ground
supports and they are always elastic. These boundary conditions and part connections are

shown in Figure 25.

Figure 25: Tied contact and fixed boundary conditions applied to parts with threaded and
bolted connection.

General contact in the numerical simulation is handled by
CONTACT _AUTOMATIC SINGLE SURFACE keyword. This keyword allows for a
simple and robust penalty contact algorithm to be applied to every surface of every part. This
keyword has many parameters and most of them were left as default. These parameters can

be seen below in Table 1.

Table 1: Contact keyword parameters

*CONTACT_AUTOMATIC_SINGLE_SURFACE
FS FD DC \%e VDC
0.80 0.40 10.0 5.0e+8 10.0
SOFT SOFTSCL MAXPAR SBOPT DEPTH
2 0.10 1.025 2.0 2
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2.3. Material Models

There are two material model keywords. used in this study: MAT ELASTIC and
MAT SIMPLIFIED _JOHNSON_ COOK.

MAT _ELASTIC is a material model that is used for materials that are perfectly elastic. For
this keyword only Elastic Modulus, density and the Poisson ratio of the material is required
as inputs. All parameters for the material model and parts that it is used on is given in Table

2.

Table 2: Material model parameters for MAT ELASTIC
*MAT_ELASTIC (4340 Steel) [4]

RO E PR DA DB

7830 2.10E+11 0.30 0.0 0.0

MAT SIMPLIFIED JOHNSON COOK keyword is a simplified version of the commonly
used Johnson — Cook material model. Johnson — Cook material model consists of a strain
hardening, strain rate hardening and temperature softening strength model and a triaxiality
based damage model with two additional parameters for strain rate and temperature effects
on failure strain. In this study, only the strength of a material under intermediate strain rates
are of interest. Therefore, a detailed failure model is not required. Furthermore, no significant
adiabatic heating is expected for the specimen which means temperature effects can be

neglected as well.

Simplified Johnson — Cook model neglects temperature effects and does not have a failure
model. Instead, it uses a maximum stress parameter to account for the temperature softening
and a simple maximum failure strain parameter for failure. This model is much less
expensive than Johnson — Cook model and is adequate for this study. Therefore, it was
chosen to be used for the specimen material. Three materials (Polycarbonate, Aluminum and
Copper) were modelled with Simplified Johnson — Cook. Parameters for materials was taken
from literature except for copper for which custom parameters determined by TUBITAK

SAGE is used and these parameters are given in Table 3.
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Table 3: Material model parameters for Simplified Johnson - Cook Material Model

*MAT_SIMPLIFIED JOHNSON_COOK

Steel 4340 [4]

RO E PR VP
7830 2.10E+11 0.30 0.0
A B N C PSFAIL
7.92E+8 5.10E+8 0.26 0.014 0.2

Polycarbonate [37]

RO E PR VP
1190 2.54E+9 0.344 0.0
A B N C PSFAIL
7.6E+7 6.9E+7 1.00 0.0 1.20
OFHC Copper
RO E PR VP
8960 1.10E+11 0.34 0.0
A B N C PSFAIL
3.13E+8 3.53E+8 1.1615 0.1616

Aluminum 6061-T6 [4]

RO E PR VP
2700 6.9E+10 0.33 0.0
A B N C PSFAIL

3.24E+8 1.14E+8 0.42 0.002
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2.4. Data Collection

Data collection from numerical simulations were done similarly to the real test since, the
results of the numerical simulations will be compared to the real test results. Three strain
gauge locations were selected and DATABASE HISTORY ELEMENT keyword was used
to record element output at these locations during the simulations. From these outputs strains
at these locations are gathered similar to real strain gauge data. Locations of these gauge

points can be seen in Figure 26.

L 1 S 5

Figure 26: Strain gauge locations for the finite element model.
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3. EXPERIMENTAL STUDIES

3.1. Design of the Intermediate Testing System

The aim of this study is the design and application of an intermediate strain rate material
testing system that is capable of extracting data of materials under intermediate strain rates
with high repeatability and low noise. To achieve this aim, testing device must have these

qualifications:

- Testing system must be able to reach at least 10! s! strain rate and must be able to
test lower strain rates. Generally accepted range for intermediate strain rate is
between 10°s™! and 10%s™".

- Testing system must have high duration of loading to achieve failure of the material.

This depends on the material tested but for 10" s! strain rate and 25% failure strain,

this duration is equal to t = % = 0.025s.

- Testing system must be able to withstand high strength materials.

- Testing system must have high repeatability and low noise due to inertia effects.

Considering the requirements, above only servo — hydraulic and similar linear actuator
loading systems can achieve high test durations and high loads. Other alternatives such as
drop towers and long Kolsky bars have shortcomings if these requirements are considered.
For example, drop tower test systems cannot test lower end of the intermediate strain rates
and have high noise due to inertia effects. Long Kolsky bars can achieve most of the required
properties except for 10° s™! strain rates. However, they require very large working places

because the transmission bar needs to be 10+ meters long.

Intermediate strain rate testing system generally suffer noise due to inertia effects which is
due to wave propagation. This effect is more visible in 10? s! strain rates. Commercial load
cells cannot measure reliable data under these conditions. Therefore, a Kolsky bar load
measurement system is chosen for this testing system. A transmission bar directly threaded
to the specimen with strain gauges cemented at different locations on the bar is used. This

transmission bar needs to be fixed on the other end to ensure high testing durations.

For strain measurements, high — speed cameras can be used. Kolsky method for strain
measurement cannot be used since the specimen needs to be connected to the loading system
and Kolsky method requires an incident bar with strain gauges. There are many open —

source codes that allow for digital image correlation using high — speed camera results.
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3.1.1. Loading System

Loading system of the testing system is chosen to be a servo electromechanical actuator
which can achieve high speed and withstand high loads. This type of actuators is commonly
used in universal testing systems. However, their exact parameters such as speed,

acceleration, maximum load and stroke length must be customized for the application.

Servo — electromechanical actuators use brushless servo motors coupled with power screws
to achieve controlled movement of the desired type. Speed, acceleration and the force of the
movement depends on the capabilities of the servo motor and the power screw it is coupled

to.

Industry standard rotatable
M23 connectors, pinouts to
match amplifier manufacturer's
standard cables

T-LAM brushless servo motor
High pressure seal,

high load bushing, and rod
scraper integrated within
an easily replaceable
faceplate

Feedback device and
alignment to match

amplifier manufacturer
specifications

Inverted roller screw

Induction hardened
chrome plated output

rod for maximum wear
resistance

Figure 27: Example of a servo electromechanical linear actuator [38].
In this study, a servo electromechanical linear actuator was used without a reductor which
would increase the force but reduce speed. Instead, servo motor was directly coupled to
linear actuator. In this way, higher speed and acceleration was achieved. Siemens 1FL6094

servo motor was used in this study. Specifications for this servo motor is given in Table 4.

Table 4: Specifications of Servo Motor
Siemens 1FL6094-1AC61-2L.B1

Motor Type High Inertia Permanent-Magnet Synchronous Motor
Rated Speed 2000 rpm
Maximum Speed 2500 rpm
Rated Torque 23.90 Nm
Maximum Torque 70.00 Nm

Rated Power

5.00 kW / 6.80 hp
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Figure 28: Siemens 1FL6094 Servo Motor
Together with the linear actuator mechanism in Figure 27 this loading system is capable of

the following loading conditions:

- 350 mm/s maximum linear speed.
- 7 m/s? maximum acceleration.

- 8 kN maximum allowable load.

Using these properties strain rate that will be achieved for a standard round specimen with a

gauge length of 14 mm is calculated as follows:

—  =25¢571 (19)

v 0350
£ 170014

Where v is the actuator speed, 1 is the specimen length and € is the strain rate. The maximum
stress allowed for the specimen with a 6 mm diameter is also calculated as follows:

F 8000

=~ _ 283MP 20
T T AT 000321 a 20)

Where F is the maximum allowed load for the loading system and A is the gauge area.
According to this calculation the loading system should have no problem testing a material

under 25 s 1

and up to 283 MPa maximum stress. Higher stress values can be achieved at
the cost of a lower lifetime for the linear actuator or by reducing the diameter of the

specimen.

3.1.2. Data Acquisition

There are two crucial output data that is required to interpret behavior of the materials: stress
and strain. In this study, high — speed camera is used to record strain of the material during

testing and strain gauges applied to an output bar is used to record material stress.
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SA — Z model high — speed camera is used with 25,000 fps and two spotlights focused on

the specimen. High speed camera setup is given in Figure 29.

Figure 29: High Speed Camera
Three strain gauges were applied to the output bar coupled to the specimen. These strain
gauges record the strain of the output bar during the test. Output bar is made out of AISI
4340 steel which is completely elastic during testing. This was ensured before testing by
finite element analysis. Three strain gauges are used in order to use the wave separation
method of Jacquelin and Hamelin to reduce noise in strain data. Strain gauges were
connected to Dewesoft data acquisition system during tests and strain data was recorded
with the help of the Dewesoft software. Connections of the three strain gauges and the data

acquisition system can be seen in Figure 30.

Figure 30: Strain gauges and Dewesoft data acquisition system
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3.1.3. Supports and Moving Parts

Testing system consists of a linear actuator coupled to the specimen by a threaded connector
which is also attached to the output bar on the other side of the specimen. Output bar is fixed
at two meters away from specimen/bar interface by a fixed support and output bar is
supported by linear bearings in the middle. All parts are attached to an I beam by bolts and

nuts. [ beam is attached to the ground by twelve long bolts and three locations.

Fixed end support is required to fix the free end of the output bar. Without the fixed support
specimen would move together with the linear actuator and only small strains would be seen
in the specimen. Fixed end support is made out of 4140 steel to ensure it always stays elastic
during testing and it is bolted to the I beam at four different locations by M27 bolts. Output
bar is threaded at its end so that it can be attached to the fixed end support with a nut. This
nut is M24 and it also needs to be elastic during testing. It is expected that this nut will hold
the most severe stress during testing therefore, numerical simulations are done to ensure it

is elastic during testing. Fixed end support and how it is attached is shown in Figure 31.

Figure 31: Fixed end support part.

There are three linear bearings used to support the output bar and keep it as straight as
possible along its length. These linear bearings only carry the weight of the bar and does not
need to be high strength. However, output bar must pass along the linear bearings with ease
and friction should be minimum. In order to ensure this, polymer inserts made out of PTFE
material is used and lubricant is applied between the output bar and linear bearings. Linear

bearings are shown in Figure 32.
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Figure 32: Linear bearings

For this testing system, 2 meters long 4340 steel output bar is used. This bar has a diameter
of 24 mm and is threaded at both its ends for the necessary connections. This bar is used to
measure the stress of the specimen during the test via strain gauge recordings. Therefore, the
bar must stay elastic during the testing in order to ensure stress calculations from strain gauge
data is correct. To ensure this, numerical simulations are conducted and it was seen that the

diameter of the bar is sufficient and it is elastic at all cross sections.

Testing system is put on an I beam with IPE 300 standard. This I beam is chosen because it
was easy to obtain and it has good strength properties. I beam is attached to three steel plates.
These steel plates are used to fix the testing system to the ground. This is achieved by bolting
the steel plates to the concrete ground by bolts and fixing the I beam to the steel plates by

bolts and nuts. This connection and I beam can be seen in Figure 33.

Figure 33: I beam and ground connections.
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Finally, specimen needs to be attached to both the loading system and the output bar.
Threaded connection is chosen for this and two specimen interface parts are produced. These
parts have two different threaded regions which are used to attach the specimen on one side
and the loading system and output bar on the other side. These interface parts are made out
of the same material as the output bar which was 4340 steel to ensure a correct impedance

match. These connection parts can be seen in Figure 34.

Figure 34: Specimen interface parts.

3.1.4. Specimens

In this study, only uniaxial tension tests are conducted and therefore, only one type of
specimen is used. This specimen had a diameter of 6 mm and a gauge length of 13.5 m which
results in a L/D ratio of approximately 2. The diameter of the specimen is modified to meet
the maximum load requirement set by the linear actuator and the length of the gauge length
is chosen according to the strain rate goal. A longer specimen gauge length would result in
a lower strain rate and vice versa. Specimens are machined at both ends with threads required
to attach them to the testing system. In this study, 3 different type of material was examined:
Polycarbonate, aluminum 6061 — T6 and OFHC copper. Specimen pictures are shown in

Figure 35.

Figure 35: OFHC Copper, AA6061-T6 and Polycarbonate specimens.
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3.2. Assembly of the Testing System

The final state of the testing system is given in Figure 36. Linear actuator is controlled by a
laptop and strain gauges are connected to the data acquisition system. High — speed camera
can record up to 2 seconds, so it can be easily triggered manually and no automatic triggering
was used. Specimen is connected to the system via threads on interface parts and the output

bar 1s fixed at its end.

Figure 36: Assembly of the testing system.

3.3. Conducted Tests

Total of 4 test are conducted with 3 material types. These are given in Table 5.

Firstly, a trial test was conducted without a specimen to measure the sound speed of the
output bar. This information is used in wave separation calculations and to find out the
Elastic Modulus of the output bar. Sound speed is calculated by the time difference of the
stress wave arrival between the strain gauges on the output bar. Afterwards, 4 tests with 1
Polycarbonate, 1 AA6061-T6 and 2 OFHC Copper specimens was conducted. Results of

these tests are given and discussed in the next section.

Table 5: Conducted experiments and materials

Test No Material
1 For sound speed calculations
2 Polycarbonate
3 AA6061-T6
4 OFHC Copper
5 OFHC Copper
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4. RESULTS AND DISCUSSIONS

4.1. Numerical Results

Main purpose of numerical simulations for this study was ensuring the material strength
results obtained from experiments are similar to material response in simulations. Materials
used in experiments are commonly used engineering materials, therefore there are many
sources for material model parameters. Loading and failure of the specimen can be modeled

and this is shown in Figure 37.

~+15 ms

~+27 ms

4e+08 3.6e+08 3.2¢+08 2.8¢+08 240408 2e+08 1.6+08 1.2¢+08 8e+07 ae+07 )

o ﬁh

VonMises Stress

4e+08 3.60+08 3.2e+08 2.8¢+08 2.4¢+08 2e+08 1.6¢+08 1.2e+08 8e+07 ae+07

U |

Figure 37: Finite element simulation showing failure of a specimen

Numerical simulations were done for all materials and results obtained from the strain

gauges are plotted in Figure 38.
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Figure 38: Strain data obtained from numerical simulations

From Figure 38 it can be seen that there is an oscillation in the strain data as expected due to
wave propagation in the output bar. However, the strain data is adequate enough to determine
material response, especially if only strain gauge 1 data is considered. Even though strain
gauge 1 data is good enough for material response prediction, wave separation is applied to
the simulation results to reduce noise. For wave separation, method of Jacquelin and

Hamelin [28] was used and results are shown in Figure 39.

Polycarbonate
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0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Time (s)

Figure 39: Wave separation applied to strain gauge data from numerical results.

Examining Figure 39 it can be seen that wave separation method reduces noise but it does
not make a significant difference to results. This method may be more effective for strain
rates higher than 50 s, because wave propagation effect increases with increasing strain
rate. Finally, (6 is used with the strain data from numerical simulations to obtain specimen

stress. Results are shown in Figure 40.
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Figure 40: Engineering stress vs. time results of Polycarbonate, AA6061 - T6 and OFHC
Copper materials.

4.2. Experimental Results

First experiment conducted in this study was without a specimen in order to measure the
sound speed of the output bar which is a necessary input for wave separation calculations.
Output bar was struck with a hammer and strain gauge data was collected. Strain gauge

results of this test is given in Figure 41.

200|

150|

100|

-100]

-150|

0.008 0.012

Figure 41: Strain gauge results for test 1.

Distance between the strain gauges are known and using the data from Figure 41, sound

speed of the output bar material is calculated as follows:

Dx 0.405

V=Dt (7.8)-10-5

m
= 5192? (21)
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Next, using the sound speed of the material, elastic modulus is calculated. Density of the

material p is taken from literature [3].
E = v2p = (5192)?(7830) = 211 GPa (22)

After the sound speed experiment, § tests are conducted with 3 different materials. First
material tested was Polycarbonate. Specimen attached to the testing system can be seen in

Figure 42.

Figure 42: Polycarbonate specimen connected to the testing system.
For this test, High speed camera images are given in Figure 43, and strain gauge data is given

in Figure 44.

t=0 t=~30ms t=~50ms t=~60 ms

Figure 43: Polycarbonate experiment high speed camera images
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Figure 44: Strain gauge data from Polycarbonate experiment.
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Polycarbonate showed highly ductile behavior in this experiment. From the high-speed
camera images from Figure 43, it is seen that necking occurs after yield and material
continues elongating until fracture. All strain gauge data was filtered using a 4 kHz low pass
filter to reduce experimental noise. All strain gauge results were similar as expected which

suggests a good alignment of the specimen. Wave separation applied to the strain gauge data

is given below Figure 45.
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Figure 45: Wave separation applied to polycarbonate test data.
Using wave separation applied strain gauge data, engineering stress of the specimen during
testing is calculated. This is shown in Figure 46. Maximum stress seen was approximately

95 MPa for this test and test duration was 60 ms.
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Figure 46: Engineering stress vs. time plot of Polycarbonate experiment.
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In order to calculate the strain of the material high speed camera images were processed
using an open-source image correlation software. Results of the image correlation can be

seen in Figure 47 which shows strain and strain rate observed in this experiment.
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Figure 47: Strain and strain rate results from Polycarbonate experiment.
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Figure 48: Engineering stress vs. engineering strain plot for Polycarbonate.
From these results it is seen that a strain rate of approximately ~20 s, a maximum
engineering strain of almost 1 and maximum stress of 95 MPa is achieved with this testing
system. Strain rate data has high noise, this is thought to be due to the resolution of the high-
speed camera image which affects image correlation accuracy. Strain rate is within the
intermediate strain rate range and maximum strain achieved is very high, these test results
show that the intermediate strain rate testing system works as intended for highly ductile

Polycarbonate material.

Other than Polycarbonate two more materials were tested. These were OFHC copper and
Aluminum alloy 6061-T6. Both materials are widely used in many engineering applications.
Similar to Polycarbonate, strain gauge data and high-speed camera images were collected
and processed to obtain engineering strain vs. engineering stress curves as well as strain rate

data.
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Figure 49: OFHC Copper and Aluminum 6061 T-6 Specimens before testing and before
fracture.
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Figure 50: Experimental results of OFHC Copper and Aluminum 6061-T6 materials.

In both AA6061-T6 and OFHC Copper materials, noise levels were lower compared to
Polycarbonate even though strain rates were similar. Maximum elongation observed for the
copper material was approximately 32% and for aluminum it was 16%. However, these
measurements do not factor in the necking region where non uniform stress state is dominant.
When the high camera images are examined (Figure 49), it can be seen that copper and
aluminum fracture strain is higher. Yield stress of copper was measured as approximately
350 MPa and aluminum 400 MPa. In both test results intermediate strain rate is achieved

with an almost constant strain rate value of 20 s™..
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Finally, OFHC — Copper test is repeated to investigate repeatability of the testing system.

Same type of specimen was tested with exactly the same conditions for this purpose. Results

of these tests are given below in Figure 51.
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Figure 51: Comparison of two OFHC Copper tests.
Comparing these two tests in Figure 51, it can be seen that both test results are very similar
until yield occurs. After this point, results start to diverge from each other. This is thought

to be because of necking behavior and surface finish of the specimens.

4.3. Discussions

Aim of this study was to design and produce an intermediate strain rate testing device and
show its application. In the previous sections, test results and numerical simulations used in
the design of this system is given. In this section, a comparison of numerical simulation

results and experimental results will be presented. Furthermore, experimental results will be

compared to literature data.
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Figure 52: OFHC Copper experimental and numerical results comparison.
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Numerical and experimental results are compared in Figure 52 for OFHC Copper material.
A very good match of experimental and numerical results is observed and a correlation

coefficient of 0.976 is obtained.
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Figure 53: AA6061-T6 experimental and numerical results comparison.

In Figure 53, AA6061 — T6 material experimental and numerical simulation results are
compared. Good match of experimental and numerical results is observed and a correlation
coefficient of 0.939 was obtained. This is lower than Copper material but it is still considered
a good match, especially post yield region fits well with numerical data. There is some error
during the elastic flow of the material. This can be due to threaded connections and how they
are represented in the finite element model. Finite element model constraints movement at

the connections, however in reality there is a small movement at first which affects the

results.
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Figure 54: Polycarbonate experimental and numerical results comparison.
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Figure 54 shows the correlation of numerical and experimental results for Polycarbonate
material. Correlation coefficient for this comparison was 0.905, which was lower than other
materials but it is still considered to be an adequate match. The most significant different
between numerical and experimental results for Polycarbonate resulted from its post yield
flow. Johnson — Cook material model used for Polycarbonate material in the finite element
model is widely used for metallic materials and cannot represent polymers as well as metals.
Necking and the expansion of the necking region plays an important role in Polycarbonate
material’s strength and these instabilities cannot be represented in finite element model by
Johnson — Cook material model. More detailed failure and damage model such as GISSMO

model should be used to model such instabilities accurately [39].
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Figure 55: Experimental results from literature for AA6061-T6, OFHC Copper and
Polycarbonate from left to right [40] [41] [42].

Figure 55 shows literature experimental results for materials used in this study under
different strain rates. Comparing these results with experimental results given in section 4.2
a good match is observed. All literature results used a correction for the elastic region of
stress data due to testing methods, in this study elastic region was not corrected to show the
effect of wave propagation in the output bar. When yield strength of the materials are
compared with the literature values, all results obtained from the testing system used in this

study shows less than 10% error. This is an acceptable error for the purposes of this study.

Figure 56: Tested specimens
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5. CONCLUSIONS

In present study, an intermediate strain rate material testing device is designed, manufactured
and its application with different materials are shown. In many different engineering
applications, knowing and being able to model the intermediate strain rate response of a
material is crucial. However, there are not many commercial testing systems that can provide
that data. Testing system used in this thesis is used for obtaining the material response of
AA6061-T6, OFHC Copper and Polycarbonate under intermediate strain rates. Results of
these tests are given and compared to literature data. Overall error of experimental results
was less than 10%. Additionally, numerical simulations are conducted with LS-DYNA
software and numerical results are also compared to experimental results which showed a
good match. Furthermore, repeatability of the system is shown by repeating tests. Therefore,
it is shown that the intermediate testing device shown in this study has accuracy and

repeatability.

Testing system is open to many improvements and in the future, many different materials
can be tested under different strain rates using this testing system. Servo motor can be
controlled to select the desired crosshead speed which would allow the users to change the
strain rates. However, it should be kept in mind that with decreased motor rpm, maximum
load allowed is also decreased. Slack adapter designs can be implemented to overcome this
challenge. These adapters let the crosshead accelerate without pulling on the specimen

before the test to increase strain rates.

Different types of specimens can be implemented to this device to observe failure and shear
behavior. Additionally, different specimen interfaces can be used to gain a more robust strain
signal. Threaded interfaces were not as efficient as desired. Noise levels seen in some of the
experimental results can be reduced by modifications on supports and data acquisitions tools.
Some modifications on the linear supports could make them better aligned, and make the
specimen mounting process easier. Finally, DIC methods can be studied and applied to this

system to better observe local deformations on the specimens.

System can also be used to conduct uniaxial compression tests under intermediate strain
rates. However, the challenge of compression tests is that axial load keeps increasing during
testing on the contrary to tension tests. This should be accounted for and maximum load

allowed by the servo motor should not be exceeded.
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