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Abstract

Plastic deformation of 0.25” thick Ti-6Al-4V plate is investigated. Compression,
tension and shear tests are carried out from quasi static strain rates (10-4 s-1, 10-2 s-1) to
high strain rates (up to 5x103 s-1) to study the strain rate sensitivity of the material.
Tension and compression tests are carried out on specimens machined in different
directions of the plate (at 0°, ±45°, 90° to the rolling direction of the plate in tension and
at 0°, ±45°, 90° to the rolling direction and through the thickness of the plate for
compression tests) to study the anisotropy effects. High temperature compression tests
are carried out at 200° C, 400° C and 600° C to study the temperature effects on the plate.
The setups required to perform all these tests and the theories behind the high strain rate
tests are explained.
The results show the strain rate sensitivity, anisotropy and the temperature effects
on the Ti-6Al-4V plate. Johnson – Cook material constants are found out from the
experimental data and simulations are run to fit the Johnson Cook model to simulate
various tests.
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Chapter 1: Introduction

The use of numerical simulations for understanding mechanical behavior of
materials is becoming more common day by day. It is a cost effective alternative to the
old trial and error experimentation method in the design and manufacture of components.
The simulations involving deformation response of a material to static loading generally
involve small strains and are easily simulated using merely the elastic constants of a
given material.

The simulations of dynamic deformation response of a material to

loading under various conditions involving large deformations are more complicated than
the static loading case. These simulations performed using a number of commercial codes
as LS-DYNA24, ABAQUS25 etc. heavily rely on the accuracy of the material model
peculiar to the application to correctly describe the material behavior. Material models
define the relationship between variables such as stress, strain, strain rate and
temperature. For example, the Johnson Cook model16 is a very popular material model
that captures the strain hardening, strain rate sensitivity and the temperature dependence
of a material by establishing stress as a function of strain, strain rate and temperature. For
uniaxial deformation it is given by
•

σ = ( A + B ε )( 1 + C ln ε * )( 1 − T * m )
n

•

Where, ε is plastic strain and

ε∗ =
1

•

ε

is the dimensionless plastic strain

•

ε

0

•

rate for ε 0 = 1 s-1 and T* is the homologous temperature. A, B, C, n and m are constants

which are unique to each material. Similar to the Johnson-Cook model, all material
models include constants which are combined with the physical variables to relate them
to each other. These constants are determined from experimental data and accuracy of
these constants decides the accuracy of the material model in simulating the material
behavior. Thus, the accuracy of experimental data, in turn is a very important aspect of
successful numerical simulations. For the present project, experimental data for plastic
deformation of Ti-6Al-4V (from hereafter, referred to as Ti64) is generated and studied
over a vast range of strain rates, in different directions of the metal alloy plate and at
various temperatures. The motivation for this study followed by a brief literature review
of the experimental techniques that have been used and current and past relevant work on
Ti64 is explained in this chapter.

Motivation for experimental testing of Ti-6Al-4V

Numerous incidents involving a bird or a flock of small birds getting ingested in
the engine as well as other conditions causing failure of a blade in the engine have been
reported. The failure to contain the debris or a broken blade itself within the engine has
led to accidents. Most recently1, on 15 January 2009; US Airways A320-200, Flight
1549; from New York (LaGuardia), NY to Charlotte, NC sucked in a flock of birds
shortly after take off and after experiencing lack of power generated in the engine, it was
successfully ditched in the Hudson river, NY. The Federal Aviation Association’s
Uncontained Engine Debris Mitigation Program (UEDMP) focuses on developing
methods for mitigating the damage done by debris in the aircraft engine. This program
2

is interested in studying Ti-6Al-4V for the alloy is used vastly in the aircraft engines.
Since this problem poses a direct threat to lives and resources, every aircraft
engine is tested in operation and must be certified before use2. Figure 1.1 shows a fan
blade experiment on an in operation engine. These experiments are difficult to perform
and costly. Although, simulations can not completely replace the need of actual testing in
such a problem, the increasing maturity of computational mechanics field means they can
very well supplement the experimental data and make the whole process more effective.
The problem of debris penetrating the containing chamber needs study of dynamic
fracture as well as plasticity characteristics of the materials involved. This document only
covers a part of the latter for Ti-6Al-4V.

Figure 1.1: Fan blade experiment on an engine2.

Literature Review

Experimental techniques
Many experimental techniques have been developed over years for mechanical
testing of materials. Figure 1.2 shows different experimental setups and their applications
incurring different strain rates. The strain rate range from 10-8 s-1 to 108 s-1 is categorized
into different domains based on the different applications. The strain rates below 10-6 s-1
3

occur in creep related applications and are tested using dead weights. The strain rates
above 10-5 s-1 and below 5x10-1 s-1 are incurred in quasi-static loading of materials and
are typically tested using a servohydraulic testing machine.

Figure 1.2: Experimental setups and applications for testing of materials.

Dynamic loading of materials usually incurs higher strain rates than 102 s-1 and
involves applications such as penetration, turbine blade containment in the engine, high
speed machining etc. The testing for such types of applications is done most commonly
using a split Hopkinson pressure bar (also known as Kolsky bar). The technique was
developed first to test materials in compression, but later on extended to tension and
torsion testing of materials. Gray4, Stab and Gilat5 and Gilat6 explain Compression,
Tension and Torsion split Hopkinson pressure bar techniques respectively in detail. As
the strain rates increase above around 5x103 s-1, the size of the specimen to produce the
strain rate on a SHPB decreases for retaining the accuracy of measurements for the
experiments. At that smaller size, the inertia and the friction effects (only in compression)
4

increase introducing non-uniformity in the state of stress as well as lack of dynamic
equilibrium. The SHPB has therefore been modified into a miniaturized Kolsky bar (also
known as desktop Kolsky bar, see [7]) to test materials at strain rates beyond around
5x103 s-1. The miniature bar can test materials up to 5x104 s-1. The strain rates 105 s-1 and
above are very high strain rates and are usually observed in ballistic applications,
planetary impact etc. Taylor impact test, plate impact experiments are the techniques
developed to test materials at these strain rates. Field et al.3 reviews various methods for
testing materials and explains Taylor Impact test, Shock loading by plate impact as well
as the SHPB technique. Also, a slight modification in the simple SHPB using the
technique of wave shaping is discussed by Frew et al18. This technique helps achieving
better dynamic equilibrium and constant strain rate in brittle materials as well as at high
rates in metals. It also helps understanding the material behavior early in the test at strains
less than 0.02.
At strain rates above 5x10-1 s-1 the oscillations in the servohydraulic machine
increase the noise in the load cell response, rendering the stress data unusable. The lower
limit of strain rate for using SHPB is about 5x102 s-1. Many engineering applications as
low velocity impact, automotive crashworthiness, dynamic forming process fall in this
strain rate regime and require materials be tested in this range of strain rates. Drop
weights3, a modified servohydraulic machine8 and intermediate strain rate bar are the
techniques used for testing materials in this strain rate range. The intermediate strain rate
bar involves longer bars than a simple SHPB so as to increase the time required to travel
for the wave bringing the strain rate down.

5

Mechanical Behavior of Ti-6Al-4V
Ti64 is a lightweight high strength Titanium alloy and is used vastly in the
aviation industry. Many researchers have experimentally studied mechanical behavior of
Ti64 at high strain rates as well as at high temperatures and have tried to simulate it.
Wulf9, Follansbee and Gray10 were the early contributors. Wulf in 1979 reported results

of tests performed on Ti64 as well as some other titanium alloys using compression
SHPB at a strain rate of 8x103 s-1 and also at lower quasi-static strain rates. Lee and Lin13
report the behavior of Ti64 at lower strain rates (0.02, 0.1, 1 s-1) at various temperatures
ranging from 25°c to 500°c. Zhou and Chew12 report tensile tests at three different strain
rates (4.68 x 10-5 s-1, 4.68 x 10-3 s-1 and 4.68 x 10-1s-1). All of the above papers agree that
strength of Ti-6Al-4V increases with increase in strain rate. The FAA report11 in 2000 is
a similar study to this thesis. It reports Compression tests in various directions of the
rolled plate at strain rate of 4500 s-1 and tension tests at 5200 s-1. The study also tries to
find out the constants for the material to fit in Johnson-Cook constitutive equation to
describe the strain rate dependence of the material. Nemat-Nasser et al14 and Khan et al15
both report thermo-mechanical properties of Ti64 and propose different constitutive
models that fit their experimental data.
Experimental program

Figure 1.3 presents the experiments carried out in this study. Experiments are
carried out at various strain rates to study strain rate sensitivity, at various high
temperatures in compression loading to study temperature effect and machined in
6

different directions to study anisotropy of Ti64.

Figure 1.3: Chart of experiments carried out on Ti-6Al-4V.

Compression, tension and shear tests are performed at strain rates ranging from 10-4 s-1 to
7x103 s-1, compression, tension tests carried out in different directions of the plate at
strain rate 1 s-1 (0°, 45°, 90°, -45° to the rolling direction in both tension and compression
and also in the through thickness direction in compression.) Compression tests are also
carried out at 1 s-1 strain rate at 200° C, 400° C and 600° C. All tests are performed using
specimens machined from one plate stock. Such a varied experimental data from one
stock of material is rarely found in the literature and serves better than carrying out
7

experiments from different stock of the same material every time as there are bound to be
subtle variations in the material once the stock is changed that can affect the data. The
experimental setups and techniques used for these tests are explained further in chapter 2.
The results from the tests are then discussed in chapter 3, with use of Johnson- Cook
model to simulate Ti64 strain rate sensitivity further explained in chapter 4.

8

Chapter 2: Experimental Setups

The various experimental techniques used in testing different materials under
varying conditions were briefly introduced in chapter 1. In this chapter, the experimental
setups used to adapt these techniques in general and to test Ti64 specifically are
presented. An explanation of the theories involved and how the techniques and principles
behind these setups are used to obtain the stress strain curves in each different test
follows. The design criterion of the setup and the design of specimen are also explained.
A brief description of various apparatus is also included. The various setups used are:
1) High strain rate tests :
a) Compression split Hopkinson pressure bar,
b) Direct tension split Hopkinson bar ,
c) Torsional split Hopkinson (Kolsky) bar.
2) Low strain rate tests using servohydraulic machine:
a) Compression low strain rate test setup,
b) Tension low strain rate test setup,
c) Torsion low strain rate test setup,
d) High temperature test setup.

9

High strain rate tests

Strain rate is the rate of change of strain with time, expressed in s-1 and is given by:
•

ε=

Δε
Δt

… 3. 1

where, Δ ε is the change in strain during time interval Δt. High strain rate tests are
performed to study the strain rate sensitivity of a material. The usual servo-hydraulic
machines can only test materials up to a strain rate of about 1 s-1. (With a few
modifications as explained in Othman et al8, it can test materials up to 200 s-1). As the
strain rate increases above 1 s-1, the oscillations in this type of machines increase and this
along with the inertia and elastic response of the machines leads to inaccurate load cell
readings making the apparatus ineffective for testing materials above that strain rate.
Also, it is very important that the stress state induced in the specimen in a test setup will
be uniform and uniaxial all over the specimen being tested. The most commonly used
apparatus for such testing, therefore is a compression split Hopkinson pressure bar
(SHPB). Gray4 explains the compression high strain rate testing using SHPB technique in
detail. The technique has been modified to study material behavior in tension and
torsional loading too5, 6.
Compression split Hopkinson pressure bar

Figure 2.1 shows schematic of a split Hopkinson pressure bar. There are various
designs of the compression split Hopkinson pressure bar adopted by many researchers.
All of them work on similar principle and different designs have only minor alterations
from each other. The sketch shows one of the common designs of the SHPB. There are
two identical long metal bars supported on bearings.
10

The specimen is sandwiched

between these (called as incident/input and the transmitter/output bar) as a smaller striker
bar is used to strike on the incident bar with pre-calculated velocity that produces a stress
wave in the bar that is partially reflected and partially transmitted at the specimen
interface. The bars remain elastic throughout the test and this allows one to calculate
stress and strain history of the specimen with the help of data obtained from the strain
gages on the bars.

Figure 2.1: Schematic of split Hopkinson pressure bar2.

With some care taken during the test setup as aligning the bars, placing the
specimen in the centre of two bars, uniform stress state and uniaxial compression can be
achieved4. Also, after a small initial time period (of the order of 20µs) the stresses on the
either end of the bars are found out to be equal, ensuring the specimen is under dynamic
equilibrium and the force read on either side of the bar can be assumed to be the average
force in the specimen.
The design of the bar depends upon many factors. According to Gray4, the length,
l and diameter, d of the bar should be so chosen that one dimensional wave propagation is

ensured. This requires l/d ratio to be 10 minimum. Also, for separating the incident and
reflected pulse clearly for data reduction, l/d ratio of 20 or more is required. In addition,
11

the maximum strain rate that can be obtained increases with decrease in the diameter,
thus the maximum strain rate desired makes an important consideration for the diameter.
Also, the total length of the bar influences the total strain that can be obtained in the
specimen, as a guideline, l/d should be greater than 100 for more than 30% strains.
The choice of the material for the bars is also an important aspect of the design of
SHPB apparatus and decides the limitations of the apparatus as in what materials can be
tested on the bars. Since the SHPB is used for studying plasticity behavior of metals, the
yield strength of the bars decides the maximum stress attainable in the specimen and
hence decides the range of materials that can be tested. Some commonly used materials
are high-strength steel, Titanium alloys as Ti64 and Nickel alloys as Inconel. Inconel can
stand higher temperatures and thus the specimen can be tested up to 800° C17. Also, the
above mentioned bars would not be good for testing low strength materials such as
polymers or foams because higher the elastic modulus of the bars, the levels of noise
would be higher as compared to the actual signal from the strain gage.
Theory, working of the bar and data reduction

A detailed analysis of the theory of SHPB can be found in Gray4. Here, the
different variables are introduced and the method of calculating stresses and strains is
presented as interpreted from Gray4.
Let 1 and 2 be subscripts for different variables belonging to input and output bars. Then
the solution to the wave equation
∂ 2u 1 ∂ 2u
=
∂x 2 cb2 ∂t 2

… 2. 2

is given as
12

u 1 = f ( x − cb t ) + g ( x + cb t ) = u i + u r

… 2. 3

and, u 2 = h( x − cb t ) = u t

… 2. 4

Where, f, g and h are functions describing incident, reflected and transmitted waves
respectively. cb is the longitudinal wave speed in the bar, characteristic to the bar material
(and is given by

E

ρ ; E, ρ being elastic modulus, density of the bar material

respectively). u1, u2 are displacements in the input and output bars; ui, ur and ut are
incident, reflected and transmitted displacements and the corresponding strains would be
εi, εr and εt. Differentiating equation 2.3 and 2.4 with respect to x will give us

ε 1 = ε i +ε r

… 2. 5

and,

ε2 = εt

… 2.6

Also, differentiating equation 2.3 and 2.4 with respect to t will give us,
•

u1 = cb (− f ′ + g ′) = cb (−ε i + ε r )

…2. 6

Where, the prime sign means derivative with respect to the terms in brackets of equation
2.3 for f and g respectively.
•

And, u 2 = −cb ε t

…2. 7

Also, the forces F1 and F2 in the two bars can be written as,
F1 = AE (ε i + ε r )

… 2. 8

And, F2 = AE (ε t )

…2. 9

Where, A and E are cross sectional area of the bars and the elastic modulus of the bar
13

material. These two forces are however equal as per the equilibrium assumption and thus,
equations 2.9 and 2.10 imply

εt = εi + εr

… 2. 10

The strain rate as defined in equation 2.1 can then be written as,
•

•

u −u
ε= 1 2
ls
•

… 2. 11

Using equations 2.7, 2.8 and 2.11 in equation 2.12, the strain rate can be given as,
•

ε =

2cbε r
ls

… 2. 12

Also, the force F2 is also the same force in the specimen and therefore using equation
2.10 and the elementary definition of force as a product of stress and area, the
engineering stress in the specimen is given by,

σ=

AEε t
As

… 2. 13

where, As is the initial area of the specimen.
The true stress can be found out using the formula,

σ true = σ engg (1 + ε engg )

…2. 14

The engineering strain is obtained in each point of time by integrating the strain rate with
time from zero to that point in time. The true strain can then be obtained from that using

ε true = ln(1 + ε engg )

…2. 15
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Split Hopkinson pressure bar compression setup used to test Ti-6Al-4V

Figure 2.2 shows the setup used to perform high strain rate compression tests on
Ti-6Al-4V in the Dynamic Mechanics of Materials laboratory at Ohio State University.

Output bar

Bearings

Data
acquisition
scope
Gas
gun
Input bar

Striker
bar

Figure 2.2: Compression SHPB setup at the Ohio State University.

The setup consists of an input bar, an output bar and a striker bar supported on
bearings and a structure that aims at the uniaxial alignment of three bars at all times even
during a test. All three bars are made of Ti64 and are 12.7mm (0.5’) in diameter. The
input and output bars are identical in length and are 1879.6 mm (74’) long while the
striker bar is smaller and is 609.6 mm (24’) long. A nitrogen gas gun is used which has
the capacity to shoot the striker bar up to 30 m/s loading the gas gun up to 65 psi. A
momentum trap is used at the farther end of the output bar. The input bar and output bar
gages are situated at 927.1 mm (36.5’) and 939.8 mm (37’) distance away from the
respective

specimen/bar

interface.

The strains in the input and output bars are
15

measured with strain gages arranged in two full Wheatstone bridges on each of the bar. A
15.0 V voltage is used (power supply HP E3611A) to power the bridges. An 8 bit
Tektronix TDS5034B oscilloscope is used to record data from the strain gages at 2.5E6
samples per second.
Inserts made from different materials are threaded between the input/output bars
and the specimen so as to avoid the damage of the impact of specimen on the bars
depending on the material to be tested. These inserts are also easier to replace in case
they are damaged during a test as compared to replacing a damaged bar. For testing Ti64,
inserts made of age hardened Vascomax C-350 steel were used. Care has to be taken to
match the impedance offered by the bars to the waves to that of the insert so that the
waves are not partially reflected at the insert-bar interface. This is done with the help of

( ρAcb )bar = ( ρAcb )insert

… 2. 16

Where ρ, A, c are density, cross section area and wave speed of the bar material and the
insert material, respectively, for the left hand and right hand side of the above equation.
Similarly, precautions have to be taken to tighten all the inserts as a little gap between
any two loose components can allow the wave reflection.

Inserts

Specimen
Figure 2.3: Ti64 specimen sandwiched between two inserts screwed in the pressure bars.

16

As it can be seen in figure 2.3 the inserts are different diameter than the bars
which is due to equation 2.17. Molybdenum Disulphide grease is applied in small
quantity between the inserts and the specimen to reduce friction effects. At higher strain
rates, because of the higher speed of the striker bar, fluctuating strain rate and problems
in establishing the dynamic equilibrium were observed and wave shaping technique was
consequently used to solve these problems. Wave shaping technique is described in detail
in Frew et al18.
Specimen design for high rate compression tests

Figure 2.4 show the specimen designed for the compression tests. The specimen is a
short cylinder with 0.150” diameter and 0.150” length. Since the specimen is just placed
between the two bars before the test and held there with the help of grease no additional
fixtures are needed to conduct the experiment.

Figure 2.4: Specimens before the test and the 45° degree fracture after the high strain rate
compression test.

All the compression tests at different strain rates, in different directions at different
temperatures have the exact design of the specimen except the 5x103 s-1 tests because of
17

the constraint of the compression SHPB setup. This is done in order to avoid any size
effects, thus the only parameter that would affect the change in behavior of the material
would be the parameter under study for that particular set of tests eg. Strain rate,
temperature etc.
Data Acquisition and processing

Figure 2.5 shows a sample output data from the strain gages on the bars of SHPB in a
typical high strain rate compression test. For obtaining stress, according to the theory as
explained above, the strain gage on the output bar gives the force in the output bar (or the
product in the numerator of equation 2.14) directly and thus gives engineering stress
when divided by cross section area of the specimen (As). As for obtaining strain rate, the
reflected pulse gives the force in the input bar. Using that force and the fact that there is
no incident strain in that pulse (which is evident from the pulse as shown in the figure)
we can obtain εr and then using equation 2.13 gives strain rate. Engineering strain can be
obtained by integrating strain rate and also true strain and true stress can be found out
from these as stated above.

Figure 2.5: Sample output from the SHPB strain gages after filtering the noise out.
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The data obtained from the strain gages is stored in an excel file (.xls format) and
a simple Matlab routine is used for obtaining the stress and strain history of the specimen
from this.
An important note here is, one needs to define time zero for processing the data
and this time is different for each reflected and transmitted wave. This can be seen in
figure 2.5 as the time at which the waves start picking up in magnitude is not the same for
the transmitted and the reflected wave. This is due to the fact that incident wave is
immediately reflected at the incident bar/specimen interface while it takes some time for
the wave to travel to the output bar/ specimen interface. Thus, one needs to pick these
two points correctly and correlate them to each other to obtain consistent and repeatable
results from a compression SHPB.
Figure 2.6 shows a time history plot of the stress, strain rate and strain in the
specimen obtained from the waves shown in figure 2.5. The vertical axis on the left
represents both strain rate (s-1) and engineering stress (MPa), while on the right it
represents engineering strain. Time (μs) is plotted on horizontal axis.
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Figure 2.6: Time history and stress strain plots of a typical compression SHPB test.
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Tension split Hopkinson bar

The loading wave responsible for producing deformation in the specimen in a
tensile test has to be tensile in nature as opposed to a compressive wave in a compression
test. Also, in a compression SHPB test, the specimen can just be placed between the
incident and transmitted bars without the need of any physical connection. Apart from
these two factors, the main principle, theory and working of a tension SHPB is similar to
a compression SHPB. However, the difference in the loading and the connection
introduces quite a few changes from the compression test. Various researchers have come
up with different setups for the tension SHPB.
Gray4 explains the three different setups commonly used for tensile split

Hopkinson pressure bar testing. Figure 2.7 shows a part of apparatus developed by
Lindholm and Yeakley18. The incident bar is a solid bar whereas the transmitted bar is a

hollow bar slightly bigger than the incident bar in diameter and fits a “top-hat” type cup
shaped specimen in the annular clearance between the two bars as shown in the figure. A
striker bar similar to the one in compression SHPB hits the incident bar deforming the
specimen under tensile force. The disadvantage of this type of setup is the specimen
geometry is difficult to machine as well as using digital image correlation to calculate
strains and observe local deformation is not possible as the specimen seats inside the
transmitter bar.
A second technique62 operates similar to a compression SHPB as explained earlier
in this chapter. In this, a collar is engaged over the specimen which is screwed in the
incident and transmitted bars to take the initial compressive wave and since a collar can
not take the load from a tension wave, the specimen is loaded by the reflected tensile
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wave to deform under tension. However, this method has a disadvantage as it raises
doubts of compressive pre-loading of the specimen; also, the digital image correlation is
again not possible in this case since the specimen is hidden inside the collar.

Figure 2.7: A schematic showing the incident bar, specimen, transmitted bar interfaces of
the tension bar developed by Lindholm.4

Figure 2.8 shows a schematic of a third and more popular technique20. The
specimen is threaded into an incident and a transmitted bar. A hollow striker bar which
sits over the incident bar is shot onto a flange connected to the incident bar using a gas
gun such that a tensile wave will be created. A tensile flat or round dogbone specimen
can be screwed to an adapting grip which is then threaded into the pressure bars.

Figure 2.8: Schematic of a direct tension SHPB.4
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A similar setup to the last one developed by Staab and Gilat5 as a direct tension
split-Hopkinson bar is used in this study for high strain rate tensile testing of Ti64. A
schematic of the apparatus is shown in figure 2.9. This setup uses a hydraulically
operated pulley to store a tensile load in the incident bar. A simple pin clamped
approximately halfway through the incident bar makes sure the rest of the incident bar is
free from any kind of external loading before the start of the test. Once the required
tensile load is reached in the loaded portion of the incident bar, the pin which is used to
clamp the bar is broken by applying a tensile load. The release of clamping force thus
creates a tensile wave which travels through the incident bar, specimen and the
transmitted bar deforming the specimen at high strain rate.
This test setup allows longer test duration (up to 580 μs) than the one explained in
figure 2.7 in which the length of the striker bar decides the test duration. Also, digital
image correlation technique is easily used on this setup.

Figure 2.9: Schematic of direct tension SHPB using a mechanical pulley for loading the
specimen at the Ohio State University.2
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The considerations for choice of material for the bar, the diameter of the bar are the same
as for the compression SHPB as discussed earlier in this chapter.
Theory of direct tension split Hopkinson bar

The theory of the direct tension SHPB is similar to that of compression bar. The
•

strain rate ε is given as:
•

•

(x − x )
ε= i o
l
•

…2. 17
•

•

Where l is the specimen length and xi , xo are linear velocities of the specimen on the
input and output bar respectively. These are obtained at time t, from the wave theory as
given by Staab and Gilat5
•

L
L
L
L
1
[ FA (t − A ) + FA (t − A + 2 B )] − FB (t + B )]
ρAc
c
c
c
c

… 2. 18

•

L
1
[ FC (t + C )]
ρAc
c

… 2. 19

xi =

xo =

Where ρ, A and c are density, cross sectional area and the speed of the waves of the bar
material. LA, LB are the respective distances of strain gages A, B from the specimen input
bar interface and LC in the distance of strain gage C from the specimen output bar
interface. FA, FB, FC are the forces measured at strain gages A, B, C respectively as shown
in figure 2.9. (The force terms with their brackets should not be confused as product of
force with time; instead they mean the force at that particular time.)
The normal stress σ at time t is given as:

σ=

Fc (t +

Lc
)
c

… 2. 20

As
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Where As is the cross sectional area of the specimen and thus equation 2.21 gives
the engineering stress in the specimen as a function of time. The strain rate as calculated
from equation 2.18 when integrated over time gives engineering strain. The engineering
strain and engineering stress thus obtained can be used to calculate the true stress and true
strain over time using equations 2.15 and 2.16.
Direct tension Split Hopkinson bar setup used to test Ti-6Al-4V

Figure 2.10 shows the photograph of the direct tension and the torsion bars next to
each other at the Dynamic Mechanics of Materials Laboratory, the Ohio State University
used in this study. The schematic of the tension SHB setup is shown earlier in figure 2.9.

Figure 2.10: Tension (left) and torsion SHPB (right) at the Dynamic Mechanics of Materials
laboratory, Ohio State University.

The incident bar (input) and the transmitted (output) bar are both 12.7 mm in
diameter (0.5”) and made out of 7075-T6 Aluminum and are 3606.8mm (142”) and
1730.4mm (68.125”) long respectively. The part of the incident bar prior to the clamp is
1854.2mm (73”) long and the remaining part 1752.6mm (69”) long. Two set of gages on
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the incident bar and one on the transmitted bar are placed 1828.8mm (72”), 311.2
mm(12.25”), 298.5 mm(11.75”) from the specimen/bar interface respectively at locations
indicated in the schematic on figure 2.9. The three gage locations each have a full
Wheatstone bridge to measure strains as explained in the Compression SHPB section.
Specimen/Assembly design for Tension tests

Figure 2.11 a. shows the flat dogbone specimen designed for tension testing of
Ti64. The gage section is 0.200” long, 0.080” wide and 0.027” thick. A radius of 0.050”
is provided at the corners so as to make sure there are no stress concentration effects.
Similar to the compression tests the same geometry of the specimen is used in all of the
tension tests (various strain rates, different directions) to avoid size effects on the results.

a

b

c

Figure 2.11 a) A flat dogbone Ti64 specimen for tension tests, b) Sample high strain rate
tension test specimen assembly c) A fractured specimen of Ti64 after a tension test.

The figure 2.11 b shows the specimen along with the two adaptors used to hold
the specimen into the tension SHPB. While designing the adaptors, care has to be taken
to match the impedances of the adaptors to that of the incident and transmitted bars.
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A vast change in the impedances offered by the bars and the adaptors cause the wave to
partially reflect at that point leading to erroneous wave data and erroneous results.
This is done as:

( ρAcb )bar = ( ρAcb )spec _ flange + ( ρAcb )adaptor

… 2. 21

where, ρ, A, cb stand for density, cross sectional area and wave speed of the
material/component.
The specimen is glued into the adaptors carefully and then one end of the
specimen-adaptor assembly is glued to end of incident bar followed by the other end to
the transmitted bar. TRA-BOND 2106T Resin glue was used for these tests. The figure
2.11 c show the specimen, adaptor assembly used for the tension tests after a high strain
rate tension test.
The alignment of the bar, specimen assembly, avoiding any bending effects due to
the clamping device for separating the loaded and unloaded parts of the incident bar are
crucial factors in getting the accurate waves from the apparatus and hence getting
accurate test results.
Data acquisition and processing of data from the strain gages

Figure 2.12 shows sample wave data obtained from the strain gages on the bars
after a typical high strain rate tension test. This data is converted into forces using the
gage sensitivity factors for each strain gage. The time for each of the three force terms in
equation 2.19 and one force term in 2.20 are zeroed and thus these four force parameters
are plotted with respect to the zeroed time. Knowing the constants of the bar and the
specimen, equation 2.18, 2.19 and 2.20 can then be used to obtain strain rate. Similarly
equation 2.21 is used to obtain engineering stress.
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The strain rate when integrated gives engineering strain. The engineering strain and
engineering stress thus obtained can be used to calculate the true stress and true strain
over time using equations 2.15 and 2.16.
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Figure 2.12: Sample waves data from a high strain rate tension test performed on Ti64.

Figure 2.13 shows a time history plot of the stress, strain and strain rate obtained
from the waves shown in figure 2.12. The vertical axis on the left represents both strain
rate (s-1) and engineering stress (MPa), while on the right it represents engineering strain.
The horizontal axis represents time (μs).
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Figure 2.13: Time history and stress strain plots from a high strain rate tension test.
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Torsion split Hopkinson bar setup

The torsional split Hopkinson bar technique is similar to the compression and
tension split Hopkinson bars. A specimen is placed between the incident (input) and
transmitted (output) bars and is deformed under shear loading by a torsional wave.
Various techniques have been established for generating the torsional wave. Duffy et al22
used explosive loading for generating the torsional wave. This study uses the setup
developed by Gilat6 which uses instantaneous release of a pre-stored torque for
generating the torsional wave. The torque required to deform the specimen at a certain
strain rate is pre-stored in a torque wheel and in turn in part of the incident bar. A clamp
is used to keep the remaining part of the incident bar which is in contact with the
specimen and the transmitted bar, free of any torsional load. On reaching the required
torque, the pin in the clamp is broken. This creates a torsion wave which travels through
the incident bar, specimen and the transmitted bar deforming the specimen at a high
strain rate.

Figure 2.14: Schematic of Torsion split Hopkinson pressure bar.2

The advantage of stored torque technique is it produces a longer input pulse which is
capable of producing larger shear strain in the specimen.
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Theory of the torsion bar

Gilat6 explains the calculations of stress, strain and strain rate from the obtained
waves in detail. A brief interpretation of the same is presented here.
The average strain rate in the specimen is given by
•

γ s (t ) =

•
rs •
[θ 1 (t ) − θ 2 (t )]
Ls

… 2. 22
•

•

Where, γs is the shear strain in the specimen, θ1 ,θ 2 are the angular velocities of the input
and output bars respectively. rs and Ls are mean radius and the length of the gage section
(which is the groove width seen in figure 2.15 a) as measured on the specimen. A sample
specimen is shown in figure 2.15.

The quantity in the bracketed expression is given as:
•

•

[θ1 (t ) − θ 2 (t )] =

L
L
L
L
L
1
[TA (t − A ) + TA (t − A + 2 B )] − TB (t + B ) − TC (t + C ]
ρJc
c
c
c
c
c

… 2. 23

Where ρ, J and c are density, polar moment of inertia of the bars and the speed of the
waves of the bar material respectively. LA, LB are the respective distances of strain gages
A, B from the specimen and input bar interface and LC is the distance of strain gage C
from the specimen and output bar interface. TA, TB, TC are the torques measured on strain
gages A, B, C respectively as shown in figure 2.14 (The torque terms with their brackets
should not be confused as product of torque with time; instead they mean the torque at
that particular time.)
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The shear stress is given by:

τ s (t ) =

Ts
2 ⋅ π ⋅ rs2 ⋅ t s

… 2. 24

Where, Ts is the torque in the specimen, which assuming dynamic equilibrium during the
test is the same as Tc, the torque in the transmitted section; ts is the thickness of the thin
walled specimen.
Torsion split Hopkinson bar setup used for shear testing of Ti-6Al-4V

The torsion split Hopkinson bar setup used for testing Ti64 is show in
figure 2.11 on the right hand side of the photograph. The incident bar (input) and the
transmitted (output) bar are both 22.2 mm in diameter (0.875”) and made out of 7075-T6
Aluminum and are 3546.5mm (139.625”) and 2025.7mm (79.75”) long respectively. The
part of the incident bar prior to the clamp is 1257.3mm (49.5”) long and the remaining
part 2289.2mm (90.125”) long. Two gages on the incident bar and one on the transmitted
bar are placed 1689.1 mm(66.5”), 400.0mm (15.75”), 355.6mm(14”) from the
specimen/bar interface respectively at locations indicated in the schematic on figure
2.14. The three gage locations each have a full Wheatstone bridge to measure the shear
strains. The gages are at ±45° to the axis of the bar. The data recording is done with an
oscilloscope as explained in the compression SHPB section.
Specimen/ Assembly design for high rate torsion tests

Figure 2.15 a, b, c show the photos/drawing of side, front and sectional views of
the torsion specimen respectively. The specimen is spool shaped with a thin walled gage
section with a cylindrical flange on either side. The gage section is 0.018” (0.457 mm)
the radial direction, 0.050” (1.270 mm) wide and 0.3125” (5/16”/7.938 mm) inside
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diameter. The cylindrical flanges on either side of the gage section are 0.75” (19.05 mm)
in diameter and 0.10” in thickness.

a

b

c

d

Figure 2.15 a) Side view b) Front view of the Ti64 specimen used for torsion tests, c) Section
view of the specimen design, d) a failed specimen after a high strain rate test.

The side flanges are so designed that when glued inside the adaptor, the adaptorspecimen assembly matches the impedance of the incident and the transmitted pressure
bars of the torsion test setup. This avoids the unnecessary partial reflection of waves at
the bar/adaptor interface during a test to help get clean wave data and consistent results.
This is done as

( ρJcb )bar = ( ρJcb ) spec _ flange + ( ρJcb ) adaptor

… 2. 25

Where ρ, J, cb stand for density, polar moment of inertia and wave speed of the material/
component respectively. This adaptor-specimen assembly is then glued to end of the bars
for the high strain rate torsion test.
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Data acquisition and processing of data from the strain gages

Figure 2.16 shows a plot of wave data as recorded on the oscilloscope from a high
strain rate torsion test on Ti64. The strain gage output in Volts is plotted on vertical axis
and time in microseconds is plotted on horizontal axis. The blue, pink and red traces
shows data from gage A, gage B, gage C respectively. The gage output can be converted
into torque using the strain gage sensitivity factors thus obtaining Ta, Tb, Tc. Knowing the
constants such as the density, speed of the waves and the polar moment of inertia of the
bar materials and the specimen geometry the strain rate and the average shear stress in the
specimen can be found out using equations 2.23 and 2.25 respectively.
Gage A (Input bar)

Gage B (Input bar)

Gage C (Output bar)

Strain gage output (V)

0.1
0.08
0.06
0.04
0.02
0
-0.02
-300

0

300
600
Time (microseconds)

900

1200

Figure 2.16: Sample waves data from a high strain rate torsion test performed on Ti64.

The strain rate can then be integrated with respect to time to find shear strain, thus
obtaining shear stress and shear strain. Figure 2.17 shows time history results of a typical
high strain rate torsion test. The blue and red traces indicate strain rate and shear stress
respectively and can be read on the vertical axis on the left of the plot. The green trace
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indicates shear strain and it can be read on the vertical axis on the right. Horizontal axis
shows time in microseconds.
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Figure 2.17: Time history and stress strain plots from a high strain rate tension test.
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Quasi-static strain rate testing

This part of the chapter explains techniques and experimental setups used for the
quasi-static and low strain rate testing of Ti64. An INSTRON 1321 model biaxial
servohydraulic testing machine has been used to test Ti64 for all of slow rate
compression, tension and torsion tests. Figure 2.18 shows the servohydraulic machine
with the important components indicated on the figure.

Load cell
Grips holding
pushrods
DIC Cameras

Specimen

Push rods

Figure 2.18: Instron machine with the digital image correlation setup at the Dynamic
Mechanics of Materials Laboratory, OSU, a) Front view b) Side view.

The machine can move ±2.41” (61.214mm) and can rotate ±45° about the vertical
axis. The load frame can accommodate two load cells, a Lebow-6467-107 cell with thrust
capacity 20,000 lb (88.96 kN) and 10,000 in.lb (1129.85 Nm) torque capacity and a
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smaller Interface 1216CEW-2K with 2,000 lb (8.896 kN) thrust capacity and 1000 in.lb
(112.99 Nm) torque capacity. The smaller cell is used in experiments which incur small
loads/torques for greater accuracy of the load/torque data. The machine is controlled with
a MTS Flex Test SE controller through a multi-purpose software. It can capture data at up
to 100 kHz through MTS 493.25 digital signal conditioner. Simple procedure of step by
step instructions can be written in the software to repeat similar tests.
The figure 2.18 shows the hydraulic grips attached to the load cell. The push rods
in turn are gripped in the hydraulic grips. For tests needing more accurate axial
alignment, the hydraulic grip are detached and direct push rods are used with an
alignment technique that is explained further in this chapter. Low strain rate compression
and torsion tests in this study are performed using aligned push rods. Separate fixtures are
designed for holding the specimen in the push rods for each of these tests. For the tension
tests, the hydraulic flat grips are directly used to grip the specimen, the push rods are not
used.
Alignment technique

When pure compressive loading is desired, the alignment of the two push rods
needs to be as collinear with the central axis of the machine as possible. This eliminates
the possibility of any bending moment that might be introduced in the specimen leading
to erroneous results. Similarly, for torsion tests, higher accuracy of alignment of the push
rods will lead the pure shear loading in the specimen.
For this, two dial gage indicators touching the push rods are fixed to the frame of
the machine about perpendicular to each other. The push rods are then rotated by 90
degrees about the central axis of the machine as shown in figure 2.19. If the dial gage
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does not show any change in the reading before and after the rotation, it means the push
rods are aligned with the central axis of the machine. If not, the push rod is moved in a
direction such that the push rod is collinear with the central axis of the machine, this is
done to both push rods, to make sure their axes are collinear with the machine axis and
thus collinear with each other.

Figure 2.19: Alignment procedure for the compression tests.

The part of the load cell where the push rods are inserted can be imagined similar to a 3
jaw chuck in which each jaw can be moved separately so that the inserted push rod can
be held tight in a position where it is closely aligned with the machine axis.
Quasi static tests were performed at three strain rates viz. 10-4 s-1, 10-2s-1 and 1s-1
(100 s-1) in all compression, tension and shear loading.
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Compression tests at quasi-static strain rates

Specimen

Tungsten
Carbide inserts
Extensometer
fixture

Vascomax C-350
inserts.

Push rod
Figure 2.20: The assembly for slow rate compression tests.

The figure 2.20 shows the assembly for slow rate compression tests on the Instron
machine. Two push rods made from Inconel are inserted in the grips as can be seen in
figure 2.18 b. A fixture also made out of Inconel is threaded into the push rods on which
extensometers can be sat in order to measure strain accurately. The Vascomax C-350 and
tungsten carbide inserts sit in this to make sure the specimen doesn’t damage the push
rods. Also, in case of an accident the inserts are easier to replace than the whole
assembly. The tungsten carbide inserts also help check the alignment of the machine
visually.
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Load-displacement measurements

For the slow compression tests, the loads are measured with the load cell. For
measuring displacements, two techniques viz. 3-D digital image correlation technique
and the displacement measured by the LVDT in the MTS machine after adjusting for the
compliance of the machine are used simultaneously for each test. Knowing the specimen
geometry, the loads and displacements can then be converted into stresses and strains.
Compliance in the machine

While compressing the specimen, the whole push rod assembly is also subjected
to the same load as that of the specimen and naturally, also gets compressed. However,
this movement shows up on the LVDT data as how the specimen has displaced
overestimating the actual strain in the specimen. A compliance test is therefore performed
to check how much the whole push rod assembly moves by itself while compressing the
specimen. This is done by applying a load (a greater quantity than the load expected in
the actual tests) to the assembly without holding a specimen in between the two push
rods. The displacement data of the push rods is then plotted against force and a 2nd/ 3rd
degree curve is fit to it using MATLAB. The constants of this curve are then used to
calculate the displacement of the push rods from the load data in the actual tests. This is
then subtracted from the total displacement as shown by the LVDT, so as to derive
accurate axial strain. 3-D Digital image correlation technique is also used in all of the
slow strain rate tests. As seen in figure 2.19, a random black on white high contrast paint
pattern is applied to both the specimen as well as the tungsten carbide inserts. The
displacements at both the ends of the specimen are measured with the help of a digital
image correlation (Vic-3D) software. This software recognizes initial frame configuration
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of the specimen in terms of sets of pixels and assigns it a grey value. As the test
progresses and specimen deforms, the algorithm tracks movement of these sets of pixels
with unique grey value with respect to itself in the reference configuration. This data is
then used with a previous calibration to measure parameters such as displacements,
strains. Thus, the engineering strain is calculated in two different ways, using the LVDT
data from the MTS machine and from the displacements data obtained from the DIC
software (Vic-3D).
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Figure 2.21: True stress-strain curve for a strain rate 1 s-1 compression test.

Figure 2.21 shows the true stress strain curve for a compression test carried out at
strain rate of 1 s-1 at room temperature and in the rolling direction of the specimen. The
pink and green traces show stress strain plot with strain calculated from the LVDT data
obtained from the MTS machine with 2nd and 3rd degree curve fit to the actual
compliance data. The purple trace shows stress strain plot with the strain calculated from
the 3-D DIC. All these curves are in excellent agreement with each other as it can be seen
in the figure. The detailed results of these tests are presented in the results chapter.
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Tension tests at quasi-static strain rates

Figure 2.22: Quasi static tension test setup.2

Figure 2.22 shows the setup for the quasi static tension tests used to test Ti64. The
hydraulic wedge grips are used with flat wedge set assembly to grip the flat dog-bone
specimen as shown in figure 2.10 directly.
Load-displacement measurements

The quasi-static rate tension tests were performed at three strain rates 10-4 s-1, 10-2
s-1 and 1 s-1. For these tests, the loads are measured with the load cell. For measuring
displacements, two techniques, 3-D digital image correlation and the displacement
measured by the LVDT in the MTS machine are used simultaneously in each test.
Knowing the specimen geometry, the stresses and strains are calculated from loads and
displacements obtained from the load cell, LVDT and the DIC system.
Figure 2.23 shows the true stress true strain curve obtained from a tension test
carried out at strain rate 10-2 s-1. The blue trace shows the stress strain curve obtained
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using the strains from the DIC software and the pink trace shows the curves obtained
using strains from the LVDT. The difference between the two slopes is down to the
compliance of the machine. Instead of the specimen actually deforming, the machine
components move and deform and since the LVDT measures displacement between the
ends of the machine and not the specimen, the strain is overestimated. Unlike the
compression test, here, compliance is not accounted for and the LVDT data is directly
used for calculating strain. Since the DIC measures the displacements and strains directly
on the specimen, the strain measurement can be seen to be more accurate giving a better
idea about the elastic constant of the material.
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Figure 2.23: True stress- true strain curve obtained from a low rate tension test.
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Torsion tests at quasi-static strain rates

b

c

a

d

Figure 2.24: a) A low rate torsion test setup, b) Torsion specimen glued in one of the
adaptors, c) Torsion specimen glued in adaptors at both ends with holes drilled for push
fitting split pins, d) A specimen adaptor assembly after a test.

Figure 2.24 a, b, c, d show the low rate torsion test setup for Ti64 and the
specimen adaptor assembly. The design of the specimen gage section is exactly the same
as the high rate torsion tests and as shown in figure 2.15. It is connected to the hydraulic
machine with Aluminum adaptors. The same geometry for various tests is a precaution to
avoid the size effects interfering with the strain rate effects while analyzing these tests
together.

The specimen is glued to Aluminum adaptors using TRA-BOND 2106T

RESIN glue. Also, to make sure there is no relative motion between adaptors and the
specimen,

holes

were

drilled

on

the specimen adaptor assembly after they are
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glued together and push pins were press fit as it can be seen in figure 2.24 c and d. The
two push rods were aligned using the technique mentioned earlier.
Torque - angular displacement measurements

The low rate torsion tests were performed at 3 different strain rates viz. 10-4 s-1,
10-2 s-1 and 1 s-1. The torque is measured with the load cell. For measuring angular
displacements, the data obtained from the RVDT in the MTS machine as well as the 3-D
DIC technique is used. The RVDT gives the absolute angle of the lower push rod at all
times with respect to the load frame. Subtracting the angle at the start of the test (time
zero) from the angle at any time gives angular displacement of the bottom bar with
respect to the top bar and thus the angular displacement of the specimen. In the DIC
technique, the absolute angular displacements of the adaptors on the top and bottom of
the specimen are measured with respect to their positions at time zero. On subtracting the
displacement of the top adaptor from the bottom, angular displacement of the specimen is
calculated. Knowing the specimen geometry, the shear stress thus calculated from the
torque and the angular displacements.
Figure 2.25 shows the shear stress shear strain diagram for torsion test on Ti64 at
10-4 s-1 strain rate. The pink trace shows the stress strain curve obtained from the shear
strain calculated using the RVDT data while the blue trace show s the stress strain curve
obtained from the shear strain calculated using the DIC technique.
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Figure 2.25: Shear stress- strain plot of a torsion test at 10-4 s-1 strain rate.

It can be seen that stress strain curve using the RVDT indicates a different elastic
constant as compared to the one using DIC. This is due to the compliance of the machine
which makes the RVDT overestimate the shear strain.
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High temperature compression tests

Cooling
sleeves

Furnace
b

a
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cooling

c

Figure 2.26: a) & b) The high temperature compression tests setup c) Inside the furnace, the
specimen assembly with thermocouples attached.

Figure 2.26 shows the high temperature setup used to test Ti64 under
compression. The setup is similar to low strain rate compression tests except additional
arrangements are made for heating the specimen and cooling the bars near the machine
grips. The specimen is heated with a split style clamshell furnace. Cooling water is run
through the top and bottom of the push rods and also through the exterior of the furnace.
The furnace can be moved horizontally to adjust the specimen location in the center of
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the furnace. The heating input to the furnace is controlled by a MICRISTAR controller.
This controller reads the temperature from a thermocouple and sends a heating signal
proportional to the difference between the feedback by the thermocouple and the target
temperature. Centering the specimen in the furnace is thus important. Also, the
temperature is measured on the specimen and on two other locations as shown in figure
2.26 c to make sure the desired test temperature is achieved on the specimen. The
temperatures on the two thermocouples are logged using an OMEGA Data Logger
Thermometer which can store temperature history with time.

Load-displacement measurements

The load displacement measurements in the high temperature tests are similar to
the low rate room temperature compression tests. However, the DIC technique can not be
used to measure the displacements and/or the strains since the specimen is inside the
furnace and the cameras can not record pictures required to use this technique. The loads
are measured from the load cell and displacements are measured from the LVDT, both
from the MTS machine. The tests were carried at three different temperatures 200° C,
400° C, 600° C. The compliance in the machine may change with the temperature of the
test. Hence, one compliance test is performed at each temperature set of tests. Knowing
the specimen diameter and length, the load and the displacement data is used to calculate
the stresses and strains during the test.
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Figure 2.27: True stress-strain curve for high temperature test at 400° C.

Figure 2.27 shows the true stress strain curve for a compression test on Ti64 at
400° C. The specimen was machined in rolling direction and is designed to be the same
size as the low rate compression room temperature shown in figure 2.6. Detailed
description of the results obtained from all the different test setups mentioned in this
chapter is explained in the next chapter.
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Chapter 3: Experimental Results and Discussion

This chapter presents the data generated from the tests carried out as per the tests
program shown in Table 1.3 in Chapter 1. The data presented is the result of tension,
compression and torsion tests conducted at 5 different strain rates in case of tension tests,
4 strain rates for torsion tests and 6 strain rates in case of compression tests. The data
from compression tests using specimens machined along 5 different directions with
respect to rolling direction (0°, 45°, 90°, -45° and through the thickness of the plate) and
also along 4 directions in case of tension tests (same as the directions for compression
tests except for the through thickness direction) is also presented. Data from compression
tests conducted at 5 different temperatures is also reported. As shown in table 1.3 several
tests were performed typical to each of the above mentioned conditions. Only one
representative curve is shown for each set of tests in the following figures.
Strain rate sensitivity

Figure 3.1 and figure 3.2 show the true stress versus true strain plot for
compression and tension tests, respectively, and figure 3.3 shows shear stress versus
shear strain plot for torsion tests over a wide range of strain rates. The specimens for all
the compression and tension tests in figure 3.1 and 3.2 have been machined along the
rolled direction of the plate and those for the torsion tests in figure 3.3 have been
machined through the thickness of the 0.25” Ti6-Al-4V plate used for the experiments.
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All these experiments were carried out at room temperature. All the three figures only
show one curve for each strain rate, although all of these tests have been repeated at least
3 times. The strain rates for all three sets of tests range from 10-4 s-1 to 5x103 s-1. The
servo-hydraulic testing machine covers strain rates from 10-4 s-1 to 100 s-1 while the
compression, tension and torsion SHPB apparatus cover from 5x102 s-1 and higher strain
rates. The maximum strain rate achieved in all tests is about 6x103 s-1, which was in case
of compression tests. The limiting maximum strain rate depends on the SHPB apparatus
as well as the properties of the material being tested. The strain rate sensitivity of the
material Ti-6Al-4V is illustrated in these plots as the yield stress increases with increase
in strain rate from 10-4 s-1 to 103 s-1 in all loading modes. It can also be seen that the rate
of strain hardening of the material changes with strain rate i.e. at lower strain rate a
steeper post yield stress strain curve is observed as compared to a flatter post yield curve
observed at higher strain rates. Similar behavior of Ti64 is also reported in Lee, Lin13
only on a narrower strain rate region (0.01 s-1 to 1 s-1).

Figure 3.1: True stress vs True strain, Compression tests (rolling direction, RT).
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Figure 3.2: True stress vs True strain, Tension tests (rolling direction, RT).

Figure 3.3: Shear stress vs Shear strain, Torsion tests (through thickness, RT).

The amount of strain obtained in tension tests is less than that obtained in similar
compression tests. This is due to the fact that localization occurs as soon as at 4% strain
in tension tests, thus the strain over the total
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gage length of the specimen is notably

less as compared to the compression tests. The localization is measured with digital
image correlation. A plot of strain over the length of specimen with fixed time in between
two curves shows how the specimen has locally deformed with time. A plot of such a
tension test (strain rate 600 s-1, RT, along rolling direction) is shown in figure 3.4

Figure 3.4: Strain Distribution along the length of the specimen.

Figure 3.5 shows plots of Effective stress versus Equivalent strain plotted at
various strain rates. The strain rates for the tests from top to bottom are approximately 104

s-1, 10-2 s-1 and 103 s-1 respectively. The tension and compression effective stress

equivalent strain plot are in good agreement, although the shear plots fall well below the
compression and shear tests. Thus, these plots clearly show that the J2 flow theory and
the Von Mises yield criterion can not be used to describe the material behavior of Ti64.
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Figure 3.5: Effective stress vs Equivalent strain at different strain rates, Compression,
Tension and Torsion tests (Rolling direction, RT).
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Anisotropy

Figures 3.6 and 3.7 show the true strain versus true stress plots for tests carried on
specimens machined in various directions with respect to the rolling direction of the plate
in compression and tension loading respectively. These tests give an insight into the
anisotropy of the material. The different directions are along the rolling direction (0°), at
+/- 45° to the rolling direction, transverse direction (90°) and through thickness of the
plate and tests are conducted by matching the loading axes to these axes. All of these
tests were carried out at strain rate of 1 s-1 and at room temperature. Figure 3.6 shows that
in compression, the yield stress in the transverse direction is about 100 MPa more than
that in the rolling and the +/- 45° directions. The yield stress in the through thickness
direction falls in between the yield stresses in the transverse and the rolling directions.
Figure 3.7 shows that in tension, the yield stresses in the rolling and transverse directions
are commensurate with each other. The yield stresses in the +45° and -45° are also
similar in magnitude but are about 80 MPa lower than those in the rolling and transverse
direction. These plots illustrate that the plate is anisotropic and the anisotropic behavior
is different under tension and compression.
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Figure 3.6: Compression tests in various direction (strain rate 1 s-1).

Figure 3.7: Tension tests in various directions (strain rate 1 s-1).
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Temperature effects

Figure 3.10 shows the true stress-strain curves for varied temperature
compression tests of Ti64. All of the tests are performed at strain rate of 1s-1 with all the
specimens machined in the rolling direction of the plate stock. The graph shows the stress
strain curves at 25° C, 200° C, 400° C and 600° C. The plot shows the high temperature
behavior of Ti64. At room temperature the yield strength of Ti64 is about 1050 MPa, it
can be seen that the strength of the alloy reduces as the temperature increases and at 600°
C it is about 550 MPa which is approximately half as that of the room temperature yield
strength.

Figure 3.10: True stress strain curves for varied temperature compression tests.

In conclusion, the results of the experiments dictate Ti64 as a strain rate sensitive,
temperature dependent and anisotropic material. The simulating model for such a
material will therefore have to be rate sensitive, temperature dependent and anisotropic as
well.
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Chapter 4: Simulations

Simulations are used to predict the varying material response to different conditions.
The material models used in the simulations need material constants which are calculated
from various experiments. Here, the experimental results obtained from the testing of
Ti64 are used to obtain material constants that can be fit in the constitutive equations to
predict the material response. The commercially available finite element code LSDYNA3D is used for all the simulations.
Johnson- Cook model

The Johnson Cook model16 expresses the equivalent Von mises flow stress as a
function of strain, strain rate and temperature as follows:
•

σ = ( A + B ε n )( 1 + C ln ε * )( 1 − T * m )

… 4.1

•

•
∗

Where ε is equivalent plastic strain, ε = ε

•

ε0

is the dimensionless plastic strain rate

and T* is the homologous temperature given as

T∗ =

T − Troom
Tmelting − Troom

where T, Tmelting and Troom are absolute temperature, melting point temperature and room
temperature respectively. A, B, C, n and m are five material constants. The expression in
the first set of brackets gives stress as a function of strain when strain rate is 1 s-1 and at
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room temperature. The second set of brackets expresses the strain rate effect and the
third set of brackets expresses the temperature effects. The experimental data presented
earlier has been used to find out the above constants as explained below.
Determination of A, B and n

The first step in the process is to determine these three constants. A is the yield
stress16 and B and n combine to represent the hardening behavior of the material. An
offset line at 0.2% true strain in a stress strain plot of a test carried out at 1 s-1 strain rate
provides with constant A.
1200

True Stress (Mpa)

1055
900

600

300

0
0

0.05

0.1

0.15

True Strain

Figure 4.1: Constant A for Ti-6Al-4V.

Constants B and n are determined from Log (Plastic stress) vs Log (Plastic strain) plot as
shown in figure 4.2. Plastic stress equals yield stress subtracted from the true stress, while
plastic strain equals elastic strain subtracted from the true strain. Leaving the second and
third brackets and just considering the first bracket in equation 4.1 and rearranging, gives:

log(σ − A) = log( B ) + n log(ε )
The above equation represents a line with slope n and y-intercept log (B). Thus curve
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fitting a linear curve to the log(plastic stress) - log(plastic strain) data, B and n can be
obtained. The blue dots on the plot are actual plastic stress plastic strain readings from the
experiment while the line is the best possible linear fit used to obtain n.
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Figure 4.2: Constants B and n for Ti-6Al-4V.

It should be noted that since the test is carried out at 1 s-1 the second and third brackets in
equation 4.1 equal 1.
Determination of constant C
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Figure 4.3: Constant C for Ti-6Al-4V.
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10

Constant C from equation 4.1 dictates the strain rate sensitivity of a material. It is found
out by plotting a dynamic stress to static stress ratios at 1% plastic strain from tests
carried out at varying strain rates and against the natural log of the strain rate of that test.
The static stress is stress at 1% plastic strain in the tests carried out at strain rate 1s-1. The
slope of the linear curve fit of all these points gives the constant C. 1% plastic strain was
chosen as for Ti64 strain hardening behavior is different at different strain rates which
varies the value of C.
Since the high temperature tests are not simulated, the constant m is not determined. All
the above constants are found out from a tension test.
Following are values of A, B, C and n as obtained from the above analysis:
A (MPa)

B (MPa)

C

n

1055

426

0.0230

0.5035

Simulations have been performed at strain rates 1 s-1, 5x102 s-1, 1.5x103 s-1 in tension and
1 s-1, 1.5x103 s-1, 3.3x103 s-1 and 7x103 s-1 in compression mode of loading. For both
types of simulations, Altair Hypermesh has been used for meshing the specimen as well
as the flanges and LS-DYNA3-D24, a commercially available explicit FEA code is used
for running the simulations. Material model MAT_098 (MAT_SIMPLIFIED
_JOHNSON_COOK) is used. This material model requires just the basic elastic constants
ρ, E, Poisson’s ratio in combination with the J-C constants A, B, C and n. It ignores the
damage and thermal effects involved in the full Johnson cook model. Hence, does not
need the related constants. This material model also has an option to provide input plastic
strain at failure, but to avoid complications in the simulations, failure has been ignored.
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Tension test simulations

Figure 4.4 shows a finely meshed tension specimen with exact same dimensions as the
specimen used in the actual experiments. The two extensions to the either ends of the
specimen simulate the rigid connection used to provide the tensile loading to the
specimen. One rigid connection moves at the specified velocity and the other is fixed.
The connections are restricted from moving in all directions except the longitudinal
direction. The speed at which the connection moves decides the strain rate of the test. The
above mentioned material constants are used in the Simplified Johnson Cook model for
the specimen material card.

Figure 4.4: Meshed model of the Ti-6Al-4V tension specimen.

From the output file in Dyna, the effective stress (V-M) is extracted from many different
elements and an average value is calculated for stress calculations. Similarly, nodal
displacements are measured at the end of gage section throughout the simulation, which
are then used to calculate engineering strain, true strain and thus effective plastic strain.
Figure 4.5 shows the effective stress- effective plastic strain plot from tension
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tests at various strain rates. The solid traces in the represent the results from the
experiments and the same color traces with ‘+’ sign represent the results from the
simulations. It can be seen that the strain rate 1 s-1 experiment plot agrees well with the
1s-1 simulation. The simulations at 5x102 s-1 and 1.5x103 s-1 agree well with the
corresponding experiments. However, as mentioned in the results chapter, the strain
hardening behavior at higher strain rates is different than at the lower strain rates and thus
getting an exact match for the experimental curve is not possible using the J-C model as it
does not take care of strain rate dependent changes in strain hardening of a material.

Figure 4.5: Effective stress- effective plastic strain plots, tension tests at various strain rates.

Figure 4.6: Effective (Von mises) stress contour for tension test specimen.
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Compression test simulations

The figure 4.6 shows the meshed specimen assembly used for compression tests. The
round specimen has the same dimensions as the specimen used in the actual experiments.

Figure 4.7: Left: A quarter blanked section of the compression specimen assembly
Right: The compression specimen assembly in complete.

Similar to the tension test simulations, the specimen is constrained by two rigid plates on
either side. One of the plate moves so as to produce a compressive load and the other
plate is completely constrained. The side plates are constrained to move in all the
direction except the longitudinal direction. Unlike tension test, friction plays a part in the
compression simulations. The actual experiments have Ti64- Tungsten carbide or Ti64Vascomax steel interfaces at the specimen-bar interface and are lubricated. A static
friction co-efficient of 0.10 and a dynamic friction co-efficient of 0.08 are used to
simulate the real time situation, although simulation with up to 0.30 static and 0.15
dynamic friction coefficient do not show any difference in the results.
Figure 4.7 shows the effective stress – effective plastic strain plots from the
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experiments as well as the compression tests. Neither of the plots from the simulation
form strong agreement with the plots from the experiments. The strain hardening is
different at the strain rate of 1 s-1 than that of tension, which shows in the simulation plot.

Figure 4.8: Effective stress- effective plastic strain plots, tension tests at various strain rates.

The higher strain rates simulations fall close to the experiments, although there is a clear
discrepancy in the magnitude of the two. This indicates that the strain rate sensitivity of
Ti64 is different in tension and compression and Johnson Cook model is not sufficient to
simulate the different behaviors in tension and compression.
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Figure 4.9: Stress –Log(Strain rate) plot for determining strain rate sensitivity.

The above plot shows the different slopes of linear fits for the tension and compression
data that give the strain rate sensitivity used in the J-C model. The green trace fits the
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compression tests and the red trace fits the tension tests. The difference in the slopes of
two lines explain the misfit of simulations to experiments. In both the plots, it can be seen
that , the experimental point do not lie on the linear fit and thus, a non linear strain rate
sensitivity model like Symonds- Cowper model will describe this behavior with more
accuracy than the Johnson Cook model.

Figure 4.10: Effective stress and Axial stress contours on compression specimen.

Anisotropy

The plots 3.6 to 3.9 in the results and discussion chapter show Ti64 to conduct
anisotropic behavior. Johnson Cook model is also incapable of simulating this
characteristic. A different material model, MAT_ANISOTROPIC_VISCOPLASTIC,
(MAT_103 in LS-DYNA) which combines

Symonds Cowper model for strain rate
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sensitivity and Hill’s anisotropy can be used to simulate Ti64 better than J-C model. This
model needs detailed study as well as extensive computational time and is out of the
scope of this document.
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Chapter 5: Summary and Conclusions

The findings of the various experiments on Ti-6Al-4V are summarized here.
o The varied strain rate tests show that Ti-6Al-4V is a strain rate sensitive alloy.
o The strain hardening behavior of Ti-6Al-4V changes with change in strain rate. At

quasi-static strain rates (upto 10-2 s-1), there is more strain hardening as compared
to the higher strain rates.
o The experiments in tension and compression conducted on specimens machined

in different directions of the plate show that Ti-6Al-4V conducts anisotropic
behavior and the anisotropic behavior in tension is different than that in
compression tests. In compression, the transverse direction specimen yields at a
stress 100 MPa more than that in the rolling direction, whereas in tension, the
transverse and rolling direction specimen show about the same yield stress. In
compression tests, the specimens machined in ± 45° to the rolling direction yield
at about same magnitude as the rolling direction specimen and have similar strain
hardening behavior, whereas in tension, the specimens machined in ± 45° to the
rolling direction yield at a stress about 75 MPa less than that in the rolling
direction itself.
o The high temperature tests conducted at 200° C, 400° C and 600° C show that Ti-

6Al-4V exhibits temperature effects. The yield strength decreases with increase in
temperature and the strain hardening behavior changes with less strain hardening
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observed at higher temperatures.
From the simulation performed on the simplified Johnson Cook model, following
conclusions for modeling Ti-6Al-4V can be drawn:
o Johnson Cook model can not describe anisotropic behavior of Ti-6Al-4V.
o Johnson Cook model can not show Tension – Compression asymmetry as

observed in the tests.
o Johnson Cook model can not show the change in the Strain hardening behavior

with changes in strain rate.
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