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The existing experimental tests are mainly designed to study the mechanical response of materials at various
strain rates. Many researchers performed the experimental test in tension, compression, and shear (with torsion
test) over a wide range of strain rates. They found out that material exhibits an increase in yield stress as well as
flows stress with an increase in strain rate. It illustrates that there is a need for experimental data to study the
material behaviour over the full range of strain rates, from quasi-static to high strain rate test. Many special
technigues have been developed to bridge the strain rate gap between quasi-static and high strain rate testing to
provide a method for an intermediate strain rate test for engineering materials. Some researchers have tried to
conduct intermediate strain rate tests with standard servo-hydraulic load frames. However, the results of such tests
are not accurate. The problem is that during the experiment, the whole machine is not in static equilibrium. The
inertial effect influences the experimental data. The records obtained from these machines are often noisy with
large oscillation. therefore, the comprehensive review is given to describes the development and evolution of the
existing intermediate strain rate testing devices which includes the working principles, some critical theories,
technological innovation in load measurement techniques, components of the device, basic technical assumption,
and measuring techniques. In addition, some research direction on future implementation and development of an

intermediate strain rate apparatus is also discussed in detail.

dynamic loading material characterization intermediate strain rate hopkinson bar

load measuring techniques shear tests high-temperature tests

| 1. Definition

Materials undergo various loading conditions during different manufacturing processes, including varying strain
rates and temperatures. Research has shown that the deformation of metals and alloys during manufacturing
processes such as metal forming, machining, and friction stir welding (FSW), can reach a strain rate ranging from
10-1 to 106 s-1. Hence, studying the flow behavior of materials at different strain rates is important to
understanding the material response during manufacturing processes. Experimental data for a low strain rate of
<101 s-1 and a high strain rate of >103 s-1 are readily available by using traditional testing devices such as a
servo-hydraulic testing machine and the split Hopkinson pressure bar method, respectively. However, for the
intermediate strain rate (101 to 103 s-1), very few testing devices are available. Testing the intermediate strain rate

requires a demanding test regime, in which researchers have expanded the use of special instruments.
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| 2. Introduction

Studying the mechanical behavior of materials in manufacturing processes at different strain rates and
temperatures is very important for researchers to develop predictive material behavior models. An overview of
typical strains, strain rates, and temperatures found in manufacturing processes is given in Table 1. The table
reveals that in commonly used manufacturing techniques, such as machining, forging, forming, and friction stir
welding (FSW) RIZEI the materials are deformed differently under different conditions. In addition, the
microstructure of the material is significantly affected by the thermomechanical constraints and is difficult to access
experimentally. For example, during manufacturing processes, the strain rates are in the order of 1071 to 106 s71,
while the those obtained in conventional testing machines are in the order of 1073 to 10! s™1. Hence, the
predictability of any material model largely depends on the accuracy of the material parameters obtained for the

constitutive model from experimental tests 4],

Table 1. Typical strains, strain rates, and temperature ratio (T/Tm) of some manufacturing processes also given by

Bl (T = Temperature during the process, Tm = melting temperature of the material).

Manufacturing Process Strain Strain Rate (s™) TITm
Extrusion 2t05 1071 t010? 0.16-0.7
Metal Forging 0.1t00.5 10° to 108 0.16-0.7
Machining 1to 10 10° to 108 0.16-0.9
Sheet metal forming 0.1t00.5 10° to 10 0.16-0.7
Friction Stir Welding (FSW) 0.1t05 <102 0.16-0.9

Many different testing devices have been developed over the years, depending on the type of material and the
property to be determined, some of which have become standards in industrial practice. The experimental
procedure usually consists of submitting a specimen to different loading conditions and measuring the applied
force and specimen deformation. Some examples of this type of experiment are tensile, compression, shear,
punch, and bulge tests. When the material behavior is more complex, and several parameters (e.g., strain rate,
temperature, and strain) must be identified for material modelling, the characterization becomes more difficult, and

multiple tests have to be used.

Many researchers have carried out the experimental tests at various strain rate conditions and found that the
material exhibits an increased yield strength and flow stress with increased strain rate EIZEIRIILAILNAZ] the existing
material models developed by the researchers cannot predict, very accurately, the microstructure changes that are
taking place during the manufacturing processes 131241 Duyring heat deformation, the material undergoes dynamic
strain-hardening and dynamic softening (consisting of dynamic recovery (DRV) and dynamic recrystallization

(DRX)), resulting in the evolution of the complex microstructure of the deformed material which is directly reflected
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in the flow stress curves 12l At the beginning of straining, there is an increase in the work hardening due to
dislocation generation and accumulation. As the deformation continues, part of the stored energy is released with
the dislocation annihilation, in which the microstructure and the properties of the material can be partially restored
to their original values, called dynamic recovery. Further increase of strain leads to the formation of the new grains
called dynamic recrystallization. This behavior of the material is greatly affected by the temperature and strain rate.
The higher the temperature of deformation and the lower the strain rate, the larger the sub grains that are formed
during high-temperature deformation. As they increase in size, the sub grains contain fewer dislocations and enters
a steady-state given by the dynamic equilibrium of storage and recovery of defects. It means the material
experiences a lesser strain hardening effect. At low strain rate domain (i.e., <0.1 s™1), DRX is mainly governed by
the higher growth of DRX grains due to longer (deformation) time available for the grain boundary migration. As a
result, a larger DRX grain size is obtained. At high strain rate domain (i.e., >1 s™1), DRX is mainly governed by the
higher nucleation due to combining effects of higher stored energy, adiabatic heating, and limited (deformation)
time for grain boundary migration. As a result, finer grain size is obtained. Hence it is important to study the
behavior of material at different strain rates. The complete overview on the effect of the strain rate on the
microstructure behavior of the material is given by the McQueen 8. A complete description of all of these
phenomena in a single constitutive model is an extremely difficult task. Thus, more experimental tests are required
with different engineering parameters and test environments to study the behavior of materials over the wide range

of strain rates, from quasi-static to high.

The existing commercial and traditional testing devices are mainly divided based on the speed of loading (or at
various strain rates) from low to high. Table 2 provides a representation of the range of applicable strain rates

covered by existing test machines, including types of loading, such as tension, compression, and shear.

Table 2. Characterization of the machines based on the strain rate and type of loading.

Applied Strain Rate (s™)

Testing : - -
. Low Strain Rate Intermediate Strain Rate . . 3
>

Technique (<10%) (10'-10%) High Strain Rate (>10°)
Compression Commercial machines like Split Hopkinson pressure bar,

Tests Conventional load MTS, Shimadzu, Instron, etc., Gas gun, Taylor impact test

frame and servo- Special Servo hydraulic load

Tensile Tests hydraulic machine frames, drop tqwer, Flywheel Split Hopkinson bar |p ten§|on,

device Flyer plate, expanding ring

Conventional shear . .
. Compressive/tensile shear
test, special servo-

Shear tests hydraulic frames, - apparatus, Hopkln§on Klosky
bar in torsion

Torsion test

Among the three strain rate divisions in Table 2, conventional load frame and standard servo-hydraulic testing
machines ZI8ILA20] gre generally used for quasi-static strain rates in the range of <10! s™1 with different load

conditions. These tests are called quasi-static because the specimen and the test machine are in static equilibrium
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during the test. For high strain rate testing >10% s™1, the split Hopkinson pressure bar (SHPB) method [21122] js
often used. In the last decade, many proven experimental techniques have been developed for high strain rate
testing, e.g., compression loading, drop weight 231, SHPB 24 and gas guns [22 are regularly used. For tensile
loading, the split Hopkinson tension bar (SHTB) [28127][28] flyer plate impact test 22, and the expansion ring B2 are
used. For torsion experiments, the torsional split Hopkinson bar (TSHB) with different loading mechanisms such as
pre-stored energy loading 1, explosive loading 22, direct impact loading 2!, and electromagnetic loading 24 are
generally used. However, tests at an intermediate strain rate in the range of 10! to 103 s™! are not very common,
and neither servo-hydraulic machines nor SHB techniques are suitable for testing with an intermediate strain rate

regime.

Numerous methods have been introduced to bridge the gap between quasi-static and high strain rate testing in
order to provide experimental data for engineering materials. Servo-hydraulic machines were considered as a
solution to perform tests with an intermediate strain rate regime. The results of such tests, however, are not very
accurate. The problem is that during the experiment, stress—strain data are influenced by the effect of high inertia,
and records obtained from such machines are often noisy with large oscillations. As a result, servo-hydraulic

machines only give reliable measurements at strain rates below 10 s™1.

After the development of the split Hopkinson bar technique 22 in 1949, a few researchers tried to modify classical
dynamic split Hopkinson pressure bar device to achieve a deformation rate in the intermediate rate regime by
increasing the loading time (3. However, the main drawback of the modified device is that the duration of the test
is limited to the length of the bars 28, Such a duration does not allow the significant strain to be accumulated in the
specimen at medium strain rates. Therefore, an alternative loading technique is required. Over the last decade,
some researchers have developed specialized test machines capable of performing intermediate strain rate tests
to study material characterization, such as special commercial machines designed by Instron, Shimadzu, etc. &
[38l: elastic-bar-type systems (ISO 26203-1: 2018) 22, modified servo-hydraulic load frames (ISO 26203-2:2011)
(491 hybrid testing apparatus 411, drop tower 42, flywheel device 42l and flywheel wedge 4!,

The material response at intermediate strain rates is of great interest to the automotive industry and producers of
electronic packaging 4211461 Additionally, intermediate strain rates have been recognized as being important in the
transitioning of material response and changing of the material deformation mechanism from low to high strain
rates (47281 Therefore, in the past decade, the material response at intermediate strain rates has attracted more
attention. In addition, material properties at intermediate strain rates are rarely characterized due to experimental
difficulties, leaving a significant gap in the experimental data between low and high strain rates for high-fidelity
strain rate dependent material model development. Therefore, a comprehensive review is required for research

leading to a better understanding of the intermediate strain rate test device.

| 3. Data, Model, Applications and Influences

Over the past decade, the experts from various industries such as Instron, MTS, Shimadzu, and Zwick/Roell have

developed a new family of high-speed servo hydraulic testing machines specifically designed to cope with the
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dynamics of intermediate strain rate testing BZB8I490 and after these devices are used in a number of
applications to predict material behavior, for instance; in the landing gear on aircraft or the crash impact of a road
vehicle, all of these examples involve one or more components of a product that are subjected to intermediate
strain rate impact <102 s™1. The existing test devices combine the load capacities of a servo-hydraulic actuator, a
drop tower, and a flywheel machine in conjunction with a load measurement technique, such as the piezoelectric

load cell and Hopkinson bar technique.

High-speed servo hydraulic machines are used for all kinds of impact loadings like dynamic tension, compression,
bending, and shear loading. The most important high-speed test mode is the tension test. For example, Figure 1
shows the schematic diagram of the high-speed testing machine B, The stroke speed is controlled by the opening
and closing of the servo-valve of hydraulic supply. The test machine can deliver a speed range from 1 mm/s to 20

m/s.

Conventional Load Celt

Upper Grip
Lower Grip
- Sliding bar
Slack Adapter
Actuator F

Servo valve

Figure 1. Schematic diagram of the high-speed testing machine.
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The strain rate data obtained from this machine is from quasi-static to intermediate strain rates. Dynamic load is
introduced to the lower grip through a slack adaptor that consists of a hollow tube and a sliding bar with a conical
tip. When the machine is actuated, the hollow tube travels freely with the actuator over a distance to reach a
specified velocity before making contact with the cone-shaped end of the sliding bar that is connected to the lower
grip. The slack adaptor eliminates the inertia effect of the lower grip and actuator in its acceleration stage.
However, the sudden engagement with the upper portion of the setup generates a high amplitude stress wave,
causing oscillations at the system’s natural frequency, i.e., system ringing 2. A conventional piezoelectric load cell
installed in the machine shows the vibration and oscillating signals. See Figure 1. At strain rates above 50 st
these systems become unreasonably difficult to acquire load data. Therefore, experimentalists are forced to use
smoothing or filtering the load test data by using low-pass filters, averaging or other algorithms (e.g., power-law
function) 2224l or the single degree of freedom (SDOF) model (spring mass damping model) B, However, the
accuracy of such filtering procedures, to a great extent, depends on the user’s choice of the filtering algorithm. It
also includes a risk of losing some important characteristics with respect to the hardening behavior of the tested

material.

In 1996, LeBlanc et al. #Y designed and introduced a unique hybrid testing apparatus to perform intermediate
strain rate tests in order to improve the load measuring data that observed in the high-speed servo hydraulic
machines. This device was developed by combining a servo-hydraulic machine with the split Hopkinson bar
technique. The apparatus combines the loading capabilities of a servo-hydraulic testing machine and the load
measuring technique of a Hopkinson bar 3. The bar is freely suspended against the specimen. When the
specimen is compressed or elongated against the bar, the loading of the specimen is transmitted to the bar at the
elastic wave velocity. The load in the bar is determined from strain gauges located close to the loading end; the
measurement is free of disturbance until the reflected wave reaches the gage and interferes with the loading wave.
The stress in the test specimen is assumed to be uniaxial and can be calculated using the elastic wave analysis of
the Hopkinson bar.

Hence it is concluded that the piezoelectric load cell shows the greatest vibration and oscillation of the load data
compared to the Hopkinson bar technique due to high inertial effect during impact loading. However, the test time
obtained by these devices is very short, which is insufficient to deform the specimen to a relatively large strain at
intermediate strain rates. Moreover, it is difficult to perform the test at different strain rate regimes due to restriction
in the load cell capacity and bar length. For this reason, some researchers have tried to improve the existing
intermediate strain rate test device to obtain a longer test duration and good quality measurement data by
modifying the bar system B8I57 and improving the load measurement technique (Wave separation method) 581591,
In addition, there is not enough work done on high-temperature experimental testing. The development of a
temperature experiment allowed researchers to study the combined effects of strain rate and temperature on the
mechanical and microstructural behavior of materials. Hence, an intermediate strain rate device must be equipped
with heating device to study the behavior of the material over a wide range of temperature. The existing test
devices focus only on the tensile and compressive behavior of the material. There is no intermediate strain rate
testing device available to study the pure shear behavior. The shear test can reproduce the same response of the

material behaviors encountered in processes such as machining, friction stir welding, and cutting. Also, the
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development of combined loading techniques, such as shear-tensile and shear-compression, for an intermediate

strain rate device, can also be very useful for material modelling, numerical simulation, engineering design, etc.

The combined loading technique will help to understand the behavior of the material in complex stress states.

Therefore, there is an increasing need to develop reliable techniques to study the characteristics of materials at

several experimental conditions including temperature, shear loading at intermediate strain rates and to provide

experimental data to improve the material model.
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