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ABSTRACT
Lean Duplex Stainless Steels 2101 and 2404 (LDX 2101 and LDX 2404) are
relatively new dual phase steel alloys with equal volume fractions of ferrite and austenite
phases. Their attractive mechanical properties (high yield stress, ultimate tensile strength,
and ductility), and corrosion properties make them suitable for many applications, such
as offshore platforms and in the nuclear industry. Engineering components in such
applications are likely to be subjected to different stress states and strain rates. However,
the available literature shows a limited number of studies on the mechanical response and
microstructural changes of LDX 2101 and LDX 2404. Thus, the aim of this study is
understanding the mechanical response of LDX 2101 and LDX 2404 and microstructural
changes in their constituent phases under uniaxial stress and uniaxial strain conditions.
Compressive uniaxial stress testing at a strain rate of 10-3 s-1 showed that flow
stress of both alloys is anisotropic. This anisotropy resulted from strain partitioning
between the constituent phases, phase boundaries morphology, grain size, and austenite
deformation mechanisms.
Compressive uniaxial stress testing at different strain rates showed that LDX 2404
has a higher flow stress. LDX 2101 showed a higher working rate at 10-3 s-1 because of
the martensitic transformation and subsequent mechanical twinning within the martensite.
Also, increasing strain rate had a higher effect on the flow stress of LDX 2101 due to
deformation localization within the hard austenite as strain rate increases.
Shock-compression testing of both materials under peak stresses (9-19 GPa)
showed that the reversible ferrite to martensite transformation occurs above 18 GPa, the
fingerprint of this transformation is the development of {332}<113> twins. Quasi-static
compressive testing of post-shocked samples showed that samples shocked above 18 GPa
experience a considerable increase in their flow stresses likely because of the
aforementioned reversible transformation.
Examining the spall response of both material under different peak stresses and
deformation histories showed that LDX 2404 has a higher spall strength because it has a
higher fraction of the phase boundaries. Incipient spall damage in both materials
i

preferentially occurred within ferrite. Spall damage varied with peak stress from quasicleavage fracture in the incipiently spalled samples to brittle fracture in the fully spalled
samples.
This study showed that the mechanical responses of LDX 2101and LDX 2404
depends on the deformation mechanisms of both constituent phases and the interactions
between them in a manner that differs from classical duplex stainless steel alloys.
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1. Introduction

1.1. Background
The increasing demand for materials with excellent mechanical and corrosion
properties in severe environments, such as for offshore platforms and the nuclear and
chemical industries, has led to the development of multi-phase alloys. Duplex stainless
steel (DSS) is one of the stainless steel groups that is characterized by equal volume
fractions of ferrite (𝛼) and austenite (𝛾) phases. The duplex microstructure of DSSs
provides them with better mechanical and corrosion properties than single-phase
austenitic and ferritic stainless steels [1,2]. Therefore, DSSs have been used in many
engineering applications, such as offshore platforms, construction engineering, pressure
vessels, and in the chemical, piping, biofuel, nuclear, paper, oil, and desalination
industries [3–8]. The price fluctuations of DSS alloying elements, mainly nickel and
molybdenum, and the rising cost of raw materials during the last few decades have led to
the development of Lean Duplex Stainless Steels (LDXs) [9].
LDX 2101 (UNS S32101, EN 1.4162) was developed by Outokumpo® and
introduced in 2002 [9]. It was designed to have comparable mechanical properties to those
of DSS 2205, which is the most common grade of DSSs, and better corrosion resistance
than 304/304L austenitic stainless steels at a lower and more stable cost [3,9]. To further
expand the usage of LDXs and satisfy the need for an economical material with superior
mechanical and corrosion properties, LDX 2404 (UNS S82441, EN 1.4662) was
introduced by Outokumpo® in 2010 [10]. It has the highest mechanical properties (yield
and ultimate tensile strength) amongst the standard DSSs and LDXs [2]. Thus, the
characteristics of these new alloys make them more attractive for diversified applications
than classical austenitic (e.g., 304 and 304L) and duplex (e.g., 2205) alloys [5,11,12].
Expanding the usage of LDX 2101 and LDX 2404 requires a thorough
understanding of the mechanical response and deformation mechanisms of the constituent
phases through a systematic investigation. The availability of such data helps in the
development of constitutive models, proper material selection, and material development
[13].
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Although the number of studies on the mechanical behavior and microstructural
evolution of single-phase ferritic and austenitic steels is extensive, they cannot be used to
assess the response of DSSs because the deformation mechanism of DSSs is governed by
the deformation mechanisms of each phase individually and the interactions between
them through phase boundaries [14,15]. Moreover, experimental data on other grades of
DSSs may not accurately represent the response of LDXs because the chemical
compositions are different and the strong phase within the duplex matrix is also different.
For example, austenite is harder than ferrite in LDXs due to the concentration of nitrogen
within the austenite phase [16], whereas ferrite is the hardest in DSS 2205 [17]. This
variation in the mechanical properties of the constituent phases could have considerable
effects on the bulk response and deformation mechanisms within each phase [15,18]. Li
et al. [18] reported that the transformation of austenite to Hexagonal Closed Pack (HCP)
martensite, then to Body Centered Tetragonal (BCT) martensite in a DSS, leads to a
compatible deformation development within both austenite and ferrite. On the other hand,
the direct transformation of austenite to BCT-martensite in another DSS led to a dramatic
increase in the localized deformation within ferrite.
Although LDX 2101 and LDX 2404 are suitable candidates to be used in many
applications (such as pressure vessels, chemical storage tanks, heat exchangers, nuclear
power plants, and offshore structures [3,19,20]) that are likely to be subjected to loadings
with different stress states and strain rates, their mechanical responses and
microstructural evolutions under uniaxial strain and compressive uniaxial stress loadings
have not yet been explored. Therefore, further investigations of such cost-effective alloys
are crucial.
In addition, these alloys represent excellent examples for dual phase steel alloys
that their mechanical response and microstructural changes under uniaxial strain loadings
have been reported in a limited number of studies compared to single-phase alloys. For
instance, many studies examined the shock-compression response of single-phase ferritic
steels shocked around the stress threshold of the ferrite to martensite (ɛ-HCP)
transformation, that is, 13 GPa [21–23]. However, to the best of our knowledge, no
systematic studies have explored the shock-compression response and microstructural
changes of dual phase steel alloys around 13 GPa. Accordingly, using LDX 2101 and
LDX 2404 as dual phase alloys to investigate the shock response below and above 13
GPa is very valuable. Such a study could be used in the development of constitutive
2
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models, as well as the explosive forming process [24].

1.2. Research Objectives
The aim of this study is understanding the mechanical response of Lean Duplex
Stainless Steels 2101 and 2404 (LDX 2101 and LDX 2404) and microstructural changes
in their constituent phases at different loading scenarios (uniaxial stress and uniaxial
strain conditions). To achieve this goal, the following objectives were chosen and
accomplished:
-

Characterize the microstructure of LDX 2101 and LDX 2404 in as-received
condition to set a datum for comparing microstructural changes under
different loading conditions.

-

Develop and improve experimental designs to test the materials under
dynamic uniaxial stress conditions and dynamic uniaxial strain conditions.

-

Assess the compressive mechanical anisotropy of the studied alloys and
understanding the roles of load/strain partitioning, austenite phase
transformation, grain shape, and phase boundaries morphology on their
responses.

-

Understand the compressive dynamic responses of the studied alloys under
uniaxial stress conditions.

-

Investigate spall response and spall damage of the studied alloys under
different peak stresses and deformation histories.

-

Assess microstructural changes of the constituent phases of the studied
materials under shock-compression loading at peak stresses above and below
the stress threshold of the ferrite to martensite transformation.

1.3. Thesis Outline
This thesis consists of eight chapters, including this introduction chapter. Chapter
Two presents a literature review about stainless steel alloys and the behavior of DSSs and
similar alloys under different conditions: the mechanical anisotropy and associated
microstructural changes under quasi-static loading conditions; dynamic mechanical
response and microstructural evolution under uniaxial stress conditions; and dynamic
mechanical response and associated microstructural changes under uniaxial strain
3
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conditions (spallation and shock-compression). Also, research gaps based on the
presented literature survey are defined.
Chapter Three presents the characterization of as-received materials and their
physical properties. Also, it explains the experimental equipment used in this study and
implemented improvements for the experimental designs.
In Chapter Four, the anisotropic response of the studied materials under quasistatic compressive loading is presented and discussed. Possible reasons for this anisotropy
based on microstructural examinations are also addressed.
Chapter Five discusses the compressive response of the studied alloys under
uniaxial stress conditions at strain rates in the range of 10-3 to 103 s-1. Differences between
materials mechanical responses are clarified based on microstructural examinations.
Chapter Six presents the dynamic tensile failure (spallation) of both materials in
as-received and pre-compressed conditions at peak stresses varying from 3.0 to 7.0 GPa.
Microstructural changes accompanying spall damage are also explored.
In Chapter Seven, shock-compression response and concomitant microstructural
changes with the constituent phases of the studied alloys at peak stresses above and below
the threshold of ferrite to martensite transformation are described.
Finally, Chapter Eight presents the conclusions from this study and
recommendations for future work.
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2. Literature Review
2.1. Introduction
Duplex Stainless Steels (DSSs) are dual phase alloys with almost equal volume
fractions of austenite and ferrite phases. They were developed to avoid the drawbacks of
both austenitic (i.e., Intergranular Corrosion (IGC) due to the precipitation of chromium
carbides in grain boundaries and the high cost) and ferritic (i.e., low tensile strength and
ductility) stainless steels [1,2]. The first-phase diagram for these dual phase alloys was
presented in 1927 by Bain and Griffith [3], and the first commercial product was produced
in 1929 by Avesta Jernverk and named 453E [4]. The second generation of DSSs was
developed in the 1960s and 1970s by adding nitrogen as an alloying element [4]. Using
nitrogen has led to the discovery of Lean Duplex Stainless Steels (LDXs), such as LDX
2101 and LDX 2404, that are more economical than classical DSSs due to their lower
nickel and molybdenum contents [5,6].
This chapter presents an overview of stainless steels and their main grades. Also,
it presents a literature review on the mechanical responses and microstructural changes
of DSSs and metals with similar crystallographic structures under uniaxial strain and
uniaxial stress loadings.

2.2. Stainless Steels
2.2.1. Discovery of Stainless Steel
The need for alloys that can resist environmental and acidic corrosions with
mechanical properties higher than nonferrous metals (e.g., nickel and nickel-silver alloys)
led to the discovery of stainless steel alloys [1,4]. During the last decades of the 19th
century, many researchers worked on iron-chromium alloys; they concluded that
increasing chromium content leads to more corrosion resistance [1]. These investigations
helped to produce stainless steel alloys during the first decades of the 20th century. In
1904, Léon Guillet discovered the martensitic and ferritic stainless steels [1,7]. After two
years, his studies led him to discover for the first time a 100% austenitic stainless steel
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[1,7]. However, he did not explore the corrosion properties of those alloys. In Germany
in 1908, Philip Monnartz was the first researcher who discovered that a tightly adherent
oxide film (passive film) is formed when a significant amount of chromium is added to
iron, and this thin film prevents further oxidization and corrosion [1,7]. Harry Brearley,
who produced the first commercial cast martensitic stainless steel in 1912 [8], is
considered to be the inventor of stainless steel. Later, during the 20th century, a significant
amount of work was done to develop stainless steel alloys: improve their mechanical
properties and reduce their cost. This led to producing DSS and precipitation-hardening
stainless steel [1].
The excellent mechanical and corrosion properties of stainless steel alloys make
them favorable in a wide range of applications around the world, such as structural
engineering, offshore facilities, paperwork, and the petrochemical, oil, and gas industries
[4,6,9,10]. These attractive properties have increased the global consumption of stainless
steel by more than six times, from ⁓7 to ⁓45 million metric tons (Mt) during the last four
decades, with an average annual growth of about 6% [11]. However, stainless steel
production and consumption are not as high as those of carbon steel because of the initial
high cost of the classical grades of stainless steel alloys, such as 316L and 304 austenitic
stainless steel alloys, and the fluctuation in the price of the alloying elements, especially
nickel and molybdenum [9,10,12].

2.2.2. Types of Stainless Steel Alloys
Stainless steel alloys are defined as iron alloys with more than 10.5% (wt.)
chromium [1]. They can be classified into five main groups: martensitic (Body-Centered
Tetragonal (BCT) structure), ferritic (Body Centered Cubic (BCC) structure), austenitic
(Face Centered Cubic (FCC) structure), duplex (austenite and ferrite structure), and
precipitation-hardening (martensitic, austenitic, or semi-austenite crystal structures)
[1,9,13]. The first four types are named based on their crystallographic structures,
whereas the last type is defined based on the strengthening mechanism that involves the
formation of precipitation within the microstructure [1,13].
Alloying elements and heat treatment conditions are the main factors in
determining the crystallographic structure and volume fraction of each phase in stainless
steel alloys. Also, these factors control the mechanical properties and corrosion
8
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resistance. In Fig.2.1, the Schaeffler-Delong constitution diagram [14], which was
originally developed to determine the volume fractions of different phases of weld metals,
shows the effects of the alloying elements on the phases’ volume fractions in as-solidified
stainless steels at room temperature. Alloying elements in this diagram are divided into
austenite stabilizer elements in the vertical axis (Nieq) and ferrite stabilizer elements in
the horizontal axis (Creq).

Fig.2.1 Schaeffler-Delong constitution diagram showing phases in as-solidified stainless
steels at room temperature with different alloying elements [14]. A is austenite, M is
martensite and F is ferrite.

The main features of stainless steel groups are briefly presented here:
Martensitic stainless steels:
Martensitic stainless steels have a BCT crystal structure and a relatively higher
carbon content (0.15-1.20 wt.%) compared to other grades of stainless steels [15]. Their
mechanical properties can be modified to achieve a yield stress of ⁓2000 MPa compared
to a yield stress of about 250 MPa in the annealed condition; this can be done by heat
treatment processes (hardening and tempering) [9,13,15]. The corrosion resistance of this
grade is moderate compared to austenitic stainless steels, but it can be improved by
increasing the nickel content [9]. Martensitic stainless steels can be used in a wide range
of applications where moderate corrosion resistance, high temperature resistance, and

9

Chapter 2

Literature Review

high tensile strength are required, such as gas and steam turbines. The most common
grades of martensitic stainless steel are 410, 431, and 420.
Ferritic stainless steels:
Ferritic stainless steels have a BCC crystal structure with a high chromium content
of about 10.5-30% and nil or a minimal amount of nickel content [9,13,16]. The low
nickel content makes their price lower than other grades of stainless steel. Ferritic
stainless steels are characterized by a moderate tensile strength (350-450 MPa) compared
to other grades; such alloys cannot be hardened to increase their strength because they are
susceptible to the embrittlement effect [16]. However, they have good chloride stressconcentration cracking and atmospheric corrosion resistance [13,16]. This grade is used
in different applications, such as in the automotive and food processing industries [17].
The most common grades of this group are 430 and 409.
Austenite stainless steels:
Austenitic stainless steels represent the largest group of stainless steel alloys with
an FCC structure. They have a chromium content of about 16-26% and a higher nickel
content (1.5-38%) compared to other alloys [18], which makes their initial price
significantly higher than ferritic and duplex stainless steels [9,13]. Austenitic stainless
steels can be designed to be unstable by changing the content of the alloying elements in
order to activate different deformation mechanisms [19–22]. They are used in many
applications when corrosion resistance is critical, such as in the pharmaceutical, food, and
chemical engineering industries. The most popular grades of this group are 316 and 304
alloys.
Precipitation-Hardening (PH) stainless steels:
Precipitation-Hardening (PH) stainless steels can be classified into three different
groups based on their solution-annealed microstructure: martensitic (e.g., 17-4 PH),
austenitic (e.g., A-285), or semi-austenitic (e.g., 17-7 PH) [13,19,23]. The mechanical
properties of this group can be enhanced by aging treatments. PH alloys are used when
high tensile strength and good corrosion resistance are required as they have a
combination of attractive properties of the martensitic and austenitic stainless steels [23].
However, they could experience a sudden drop in their mechanical strength at high
temperatures, the yield stress can decrease by about 50% with temperature increases
10
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above 500 oC [13,24]. PH stainless steels are used in many areas, such as in the aerospace
and petrochemical industries.
Duplex Stainless Steels (DSS):
DSSs are dual phase alloys (austenite and ferrite phases) with 30-70% ferritic
phase [4]. The targeted design of most DSSs aims for equal volume fractions of austenite
and ferrite phases in the annealed condition [13]. They are alloyed with about 19-30%
chromium [18]. Their mechanical properties are better than single-phase alloys. The yield
stress of DSS is about two times higher than austenitic and ferritic stainless steels, and
they have more ductility than ferritic stainless steels [18,25,26]. The corrosion resistance
of this grade is significantly higher than ferritic stainless steels and comparable to 316
austenitic stainless steel. They have a lower nickel content (0.8-8.5%) and molybdenum
content (0.1-5%) compared to austenitic stainless steels; this makes them more costeffective than other stainless steel grades [4,18,27,28].
DSSs are divided into four main groups based on the pitting corrosion resistance
that is defined by the Equivalent Resistance Number (PREN), which is defined by an
empirical relationship (Eq.2.1) [18,29].
PREN = % Cr + 3.3% Mo + 16% N

Eq.2.1

DSSs are classified into [30–32]:
-

Standard duplex stainless steels: these alloys have a PREN of about 32 to 38.
They represent more than 60% of the used DSSs in the world. DSS 2205 is
the most common type of this grade.

-

Lean Duplex Stainless Steels (LDXs): these alloys have a PREN of about 21
to 30, except that LDX 2404 has a PREN of 34. These alloys have the lowest
content of Ni and Mo compared to other grades of DSSs; therefore, they are
more cost-effective than other DSS grades.

-

Super-duplex stainless steels: these alloys have a PREN of 40 to 45 due to the
high content of Cr, which is > 24%.

-

Hyper-duplex stainless steels: they are a modified type of super-duplex
stainless steels with higher alloying content. Their PREN > 49, and it is the
highest among all the DSS grades.
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2.2.3. Lean Duplex Stainless Steels 2101 (LDX 2101) and 2404 (LDX 2404)
Rising raw material costs have incentivized to find more economical materials
with less Ni and Mo [27]. LDX 2101 (UNS S32101, EN 1.4162) is a relatively new LDX
with equal volume fractions of ferrite and austenite phases, and it has significantly less
Ni and Mo than the standard DSSs (see Table 2.1). LDX 2101 was first introduced by
Outokumpu® in 2002 as a more cost-effective alloy than standard DSSs [5,27,33]. It has
been designed by partially substituting Ni and Mo with N, Cr, and Mn to have comparable
mechanical properties to the standard DSS 2205 and better corrosion resistance than the
conventional austenitic stainless steels 304 and 304L, as shown in Fig.2.2 [27,34–37].
The superior mechanical and corrosion properties of LDX 2101 compared to the
conventional austenitic stainless steels make LDX 2101 an attractive material to be used
in a broad range of applications with thinner sections [5,10,37,38]. Moreover, the
reduction in the alloying elements content of LDX 2101 compared to other DSSs makes
it less prone to forming undesirable intermetallic phases [27].
In order to further expand the usage of LDXs in highly corrosive environments,
Outokumpu® developed LDX 2404 (UNS S82441, EN 1.4662) in 2010 [39,40]. LDX
2404 has also equal volume fractions of ferrite and austenite phases, and it has about 1.5%
Mo content compared to 0.45% Mo in LDX 2101 [18]. This increase in the Mo content
provides LDX 2404 with the highest corrosion resistance (with a PREN of 34) and
mechanical properties amongst all LDXs [18,41]. Also, it has less Ni and Mo content and
about 20% higher yield stress than the standard DSSs, making it an economical material
with excellent mechanical properties [18].
Thus, LDX 2101 and LDX 2404 are suitable materials to be used in many
applications, such as in structural engineering, pressure vessels, heat exchangers,
firewalls and blast walls on offshore structures, and the mining, paper, and nuclear
industries [4,5,42–44]. In most of these applications, materials are likely to be subjected
to uniaxial stress and/or uniaxial strain conditions during their service life. However, a
limited number of studies have examined the mechanical behaviors of LDX 2101, and
there are no studies that have investigated the mechanical responses of LDX 2404 under
such conditions. Moreover, LDX 2101 and LDX 2404 represent excellent examples for
dual phase steel alloys, and understanding their mechanical behavior and concomitant
microstructural changes under uniaxial strain (shock) conditions is of great value due to
12
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the limited number of studies on dual phase steels under shock conditions. As a result,
more studies are imperative to understand the responses of these alloys systematically
and, therefore, expand their usage.
Table 2.1 Typical chemical compositions (wt.%) of some DSSs and austenitic stainless
steels [18].
DSS
LDX
Super DSS
Austenite

Grade
2205
2101
2404
2304
2507
304
316

C
0.03
0.04
0.03
0.03
0.03
0.07
0.08

Mn
2.00
5.00
3.25
2.50
1.20
2.00
2.00

Cr
22.5
21.50
24.00
23.00
25.00
18.50
17.00

Ni
5.50
1.53
4.00
4.25
7.00
8.25
12.00

Mo
3.25
0.45
1.50
0.33
4.00
2.50

N
0.17
0.23
0.25
0.13
0.28
0.1
0.1

Fig.2.2 Yield stress vs. corrosion resistance of some DSSs and austenitic stainless steels
[18,27].

2.3. Mechanical Response of Duplex Stainless Steels
Deformation mechanisms of DSSs are governed by the volume fractions of the
constitutive phases, initial micro-stresses, deformation mechanisms of each phase
individually, the interactions between the phases through phase boundaries, and loading
conditions [26,45–49]. Therefore, the coexistence of the ferrite and austenite phases
makes the overall deformation behavior of DSSs more complex than single-phase alloys.

2.3.1. Anisotropic Response of Duplex Stainless Steels Under Quasi-static Loading
Metals and alloys can exhibit mechanical anisotropy to different levels;
understanding this phenomenon is important to design engineering components safely
13
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because most of these components are likely to be subjected to a complex state of stresses
during their service life. Mechanical anisotropy results from crystallographic anisotropy
and manufacturing-related anisotropy [50–53]. Crystallographic anisotropy depends on
the crystal structure, grain orientation, initial microscale stresses, grain morphology, and
grain size [47,51]. Each crystal structure has specific slip systems that determine the
direction of dislocation movements during the deformation process, which occurs when
the applied shear stress on a slip direction is greater than or equal to the required shear
stress to activate dislocations (i.e., Critical Resolved Shear Stress (CRSS)) [54,55]. For
example, FCC structures have 12 slip systems {111}<110>, whereas BCC structures have
48 slip systems {110}<111>, {211}<111> and {321}<111> with different CRSS [55].
Grain orientation with respect to external forces determines the shear stresses that are
applied along slip directions in the slip planes; these stresses are known as Schmid
stresses. The orientation relationship between an external force and a slip direction is
expressed by the Schmid factor in single crystal materials [56]. Also, grain orientation
with respect to external forces defines the stress components other than the shear stresses
parallel to slip directions; these stresses (non-Schmid stresses) can have a significant
influence on the yield response and the slip geometry in BCC steels [57–59]. In dual
phase steels, non-Schmid effect in ferrite can cause a reduction in the tensile flow stress
and a remarkable tension-compression asymmetry [59].
In DSSs, residual stresses that develop during the manufacturing process are
distributed differently in the constituent phases. It has been reported that tensile and
compressive residual stresses develop in the austenite and ferrite phases, respectively.
This difference mainly arises due to the dissimilarity in their thermal expansion
coefficients rather than the effects of elasticity coefficients and relevant anisotropy
[47,60]. Johansson et al. [61] studied the development of residual stresses in LDX 2304
under tensile loading by X-ray diffraction. They documented significant differences in
the microscale stresses between the constitutive phases of LDX 2304 and along the
Rolling Direction (RD) and the Transverse Direction (TD). They reported that the initial
stresses affect the development of the microscale stresses during the loading process up
to 2.5% plastic strain.
Grain morphology could affect the mechanical response when grain and/or phase
boundaries become denser along a specific loading direction. For instance, Moverare and
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Odèn [47] reported that the orientation of phase boundaries with respect to the loading
direction has a considerable influence on the tensile response of a DSS alloy.
Grain size has indirect effects on materials plastic anisotropy; it affects the texture
intensity [51]. Xu et al. [51] investigated the effects of grain size in a ferritic steel on the
plastic anisotropy. Based on the different deformation mechanisms of grain interior and
grain boundary regions, they proposed the effective texture intensity concept. It suggests
that only the grain interior part with dislocation single slip contributes to the effective
texture intensity. Whereas, the existence of Geometrically Necessary Dislocations
(GNDs), pile-up dislocations, and non-primary dislocations at the grain boundary regions
makes materials experience a plastic-isotropic response in these regions. They concluded
that materials with a large grain size reflect the texture of the grain interior part more than
materials with a small grain size.
Manufacturing processes can develop textures that lead to mechanical anisotropy.
For example, grains in the hot- and cold-rolled plates rotate and align with the rolling
coordinate systems, leading to develop textures [62,63]. These textures could have
considerable effects on the mechanical responses and the deformation mechanisms in
stainless steel alloys [64,65]. Hilkhuijsen et al. [65] examined texture effects in
metastable austenitic stainless steel alloys on the tensile properties. They studied the
tensile behavior along the RD and TD using two austenitic stainless steel alloys with
strong and random textures. They reported that the alloy with a strong texture has higher
flow stress along the RD. Based on their analyses to the materials’ textures at different
deformation levels and the relationship between the measured textures and the driving
force to start martensite transformation, they elucidated that the material with a strong
texture shows more martensitic transformation at a lower stress level.
Mechanical anisotropies in DSSs have been studied extensively [47,52,63,66–69].
These studies have investigated the anisotropy under quasi-static tensile [47,52,63,69],
fatigue [68], and shock [66] loadings. Hutchinson et al. [52] studied the tensile response
of a cold-rolled DSS 2205. They reported that both phases of the studied material have a
strong texture in the midsection of the plate. Ferrite has a rotated Cube texture
{001}<110>, and austenite has a Brass texture {110}<112>. Tensile testing performed
along different directions with respect to the RD showed that samples tested along the
TD possess the highest proof and ultimate tensile stresses, whereas samples tested along
15
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45o to the RD had the lowest stress values. They concluded that the difference in the
mechanical properties is related to the crystallographic texture effects and the coexistence
of the ferrite and austenite phases. They assumed that the coexistence of austenite and
ferrite phases affect the strain state in both phases and make the bulk response directional
dependent.
Moverare and Odèn [47] explored the tensile response of a cold-rolled LDX 2304
via in-situ tensile testing by X-ray diffraction. They reported that the studied material has
a significant variation in the ferrite texture with the plate thickness. They attributed this
variation to the inhomogeneity of the shear stresses during the hot-rolling process. Ferrite
showed a strong rotated Cube texture {001}<110> at the plate center while the austenite
phase showed a random texture for the entire thickness. The Taylor factor for ferrite
varied between testing directions RD, TD, and 45o to the RD. It had the highest value
along the TD and the lowest value along the 45o direction; this was due to the texture
development in ferrite. Similarly, the bulk tensile response was determined to be the
highest along the TD due to the strong texture of ferrite, whereas samples tested along the
45o direction had the lowest tensile response because of the orientation of the phase
boundaries with respect to the loading direction. They reported that the weak ferrite/ferrite
grain boundaries contributed significantly to reducing the mechanical response along the
45o direction compared to other loading directions. Another interesting phenomenon was
discovered from the in-situ investigation: both austenite and ferrite accommodated
identical deformation levels when a tensile loading was applied along the RD, whereas
an uneven strain distribution was detected between the phases when the loading was
applied along the TD and the 45o direction. More plastic deformation was accommodated
by austenite when the loading was along the TD, and more plastic deformation was
concentrated within ferrite when the loading was applied along the 45o direction. Authors
reported that the variation in load partitioning between both phase as a function of loading
direction is the main reason for the differences in the amount of deformation of the phases.
However, while anisotropic properties are widely reported for DSSs, there are
some exceptions, too. Papula et al. [63] investigated the tensile response of two DSSs
with different volume fractions of austenite and a cold-rolled LDX 2101. Although the
studied alloys had a strong texture for ferrite with the conventional preferred orientation
(i.e., rotated Cube texture {001}<110>) and a weak texture for austenite, the anisotropy
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in these two alloys was different than previously reported. Both alloys experienced higher
ultimate tensile stress along the RD. The degree of the anisotropies between the DSS
alloys differed; the DSS alloy with less austenite volume fraction experienced a higher
mechanical anisotropy. On the other hand, both tested alloys experienced austenite phase
transformation, and the fraction of the transformed austenite was higher along the RD.
Moreover, the cold-rolled LDX2101 did not show a clear anisotropy in the yield and
ultimate tensile stresses for samples tested along the RD and the TD.
All in all, mechanical anisotropy in DSSs varies with loading conditions and alloy
grades. However, the effects of various factors (e.g., load/strain partitioning, austenite
phase transformation, grain shape, and phase boundaries morphology) on the mechanical
anisotropy in DSSs remain unexplained, thus, more research is required. LDX 2101 and
LDX 2404 can be selected to study these factors. In addition, the anisotropic response of
these relatively new alloys has not been investigated in the past; such a study would be
of great value.
2.3.2. Strain Rate Effects on Duplex Stainless Steels
Engineering materials are likely to be subjected to deformation at different rates
during the manufacturing process and service life. Strain rate can have significant effects
on the mechanical properties (e.g., yield stress, ultimate tensile strength, ductility, workhardening rate) and deformation mechanisms of the constituent phases of DSSs. The
ferrite phase that undergoes deformation by dislocation slip under uniaxial stress
conditions can experience more deformation under high strain rates. Das et al. [70]
studied the mechanical and microstructural changes in dual phase steels; they elucidated
that the ferrite phase deformation can vary from dislocation interactions and dislocation
cells at quasi-static strain rates (0.001 s-1) to well-formed dislocation cells with sub-cell
structures at a strain rate of 800 s-1. Furthermore, they reported that the secondary slip
system <111>{211} is activated at strain rates equal to or greater than 100 s-1, leading to
a higher density of dislocations compared to a quasi-static testing condition.
Deformation mechanisms of the austenite phase are rather complex. It can deform
by many modes depending on several factors, such as Stacking Fault Energy (SFE),
temperature, strain, strain rate, and stress state [71,72]. Literature shows that SFE is the
most important factor in determining the deformation mode of the austenitic steels, and it
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is affected by strain rate via adiabatic heat that accompanies deformation at high strain
rates [72–75]. Austenite can deform in forms of dislocations, deformation bands, and
martensitic transformation (direct transformation) [73,76]. The deformation (shear) bands
result from staking faults overlapping on the austenite slip planes {111} during plastic
deformation. These stacking faults are formed between Shockley partial dislocations that
result from dissociation of perfect dislocations {111}<110> [72,73,77]. The distance
between the partial dislocations is a representation for the SFE [74]. Austenite with high
SFE, > 45 mJ/m2, deforms by dislocation slip because dislocation dissociation rarely
occurs [74,76]. Austenite with intermediate SFE, 20 mJ/m2 < SFE < 45 mJ/m2, deforms
if forms of dislocations and deformation bands that appear as mechanical twins. Twins
take place because of the overlapping of stacking faults on every {111} plane [72,74],
and they can enhance the mechanical properties through the Twinning Induced Plasticity
(TWIP) mechanism [78]. Low SFE austenite, <20 mJ/m2, could deform via dislocation
slip, deformation bands, and direct martensitic transformation. The latter mode occurs by
direct transformation of austenite to Body Centered Tetragonal martensite (𝛼́ -BCT), i.e.,
𝛾 → 𝛼́ [73,74]. Deformation bands can appear in different forms depending on the
stacking sequence on {111} planes; irregular overlapping leads to the forming of stacking
fault bundles [72]. However, the overlapping on every second {111} plane results in
Hexagonal Close Packed martensite (𝜀-HCP) bands that transform to BCT-martensite
when HCP bands are intersected with each other or with other forms of deformation
bands, i.e., 𝛾 → 𝜀 → 𝛼́ [74,79,80]. This transformation path is known as indirect
transformation, and the HCP-martensite represents an intermediate stage. Steels with
martensitic transformation exhibit enhancement in the mechanical properties via the
Transformation Induced Plasticity (TRIP) mechanism [73,79]. Generally, classical
austenitic stainless steels can have SFE that varies between 10 and 100 mJ/m 2 [73]. For
DSSs, a limited number of studies reported the SFE of the austenite phase [81,82]. Reick
et al. [83] reported that the austenite phase of the standard DSS 2205 has an SFE of 10
mJ/m2, which means that austenite can experience different deformation modes.
The differences in ferrite and austenite responses with strain rate make load/strain
partitioning between them affected by strain rate [46,84]. Choi et al. [84] studied the strain
rate effects on the mechanical behaviors of the constituent phases of a DSS individually
and strain partitioning between the phases. Nanoindentation testing showed that
increasing the loading rate leads to a significant increase in the maximum shear stress for
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dislocation nucleation (𝜏m) in austenite and a negligible variation in ferrite. Also, Electron
Backscatter Diffraction (EBSD) examinations for tensile samples, strained to 10% strain
at 0.001 and 0.02 s-1, indicated that the ferrite phase accommodates more deformation
with the strain rate increase, leading to less plastic deformation within austenite. This
reduction in the austenite’s deformation and the adiabatic heat effect at a high strain rate
that suppress martensitic transformation, which was noticed in the sample tested at 0.001
s-1, reduced the tensile strength and ductility.
Krüger et al. [26] investigated the compressive behavior and microstructural
evolution of a hot-rolled DSS 2205 at different temperatures (-196 to 55 oC ) and strain
rates (0.001-1000 s-1). They reported that the flow stress and the strain-hardening rate are
strain rate dependent. A strain rate increase results in a yield stress increase and strainhardening rate decrease. They explained that the latter reduction happens because of the
thermal softening that starts at strain rates higher than 0.1 s-1. In contrast to the previously
reported study by Choi et al. [84], the austenite phase did not experience phase
transformation at room temperature for all tested strain rates; however, the martensitic
transformation took place at -196 oC and 10-3 s-1.
Huang et al. [85] studied the compressive dynamic behavior of DSS grades 2205
and 2507 at strain rates of 850 and 5000 s-1. They reported that both alloys showed an
unexpected reduction in the ferrite content with strain rates based on magnetic induction
measurements. This reduction indicates clearly that the austenite phase does not transform
into the martensite phase because this transformation increased the ferrite content. Also,
they documented that the tested materials show work softening after 10% true strain, and
DSS 2507 experienced more work softening than DSS 2205. The flow stress reduction
between 15% and 45% true strains was about 200 MPa in DSS 2205 and about 500 MPa
in DSS 2507.
Tsuchida et al. [86] investigated the dynamic tensile properties of a cold-forged
LDX 2101 and another grade of DSS defined as SUS329J4L at different temperatures
(~ -150 to 10 oC) and strain rates (3.3×10-6 to 1000 s-1). They reported that the austenite
phase of LDX 2101 experienced phase transformation below 10 oC, whereas SUS329J4L
did not show any martensitic transformation up to -150 oC. LDX 2101 had a higher
uniform strain than SUS329J4L for all strain rates, and the difference between their
uniform strains decreased with a strain rate increase. They explained that LDX 2101
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shows a significant uniform strain at low strain rates because the harder austenite phase
accommodates more plastic deformation than the ferrite phase.
Thus, DSSs can experience different mechanical responses and deformation
mechanisms depending on the strain rate level, stress state, and the alloy type. LDX 2101
and LDX 2404 are relatively new materials, and they are suitable candidates to be used
in a wide range of applications that are likely to be subjected to a wide range of strain
rates during their design life. However, there are no reports of comprehensive
investigations on the mechanical properties and microstructural evolution of these new
alloys under different strain rates.
2.3.3. Response of Metals under Uniaxial Strain Conditions
If the applied stress to a metal is remarkably higher than its yield stress, a shock
front, which is a discontinuity of internal energy (E), density (𝜌), particle velocity (Up)
and pressure (P) [87], can be generated [88–90]. After that, the shock front propagates
and compresses the material behind it [90], this makes material on both sides of the shock
front have different properties (i.e. E, 𝜌, P and Up) [87].
Depending on the experimental configuration, materials under shock condition
can be exposed to different types of loading, such as shock-compression loading and
dynamic tensile loading.
Because there is a limited number of studies on the mechanical behavior and
microstructural changes in DSSs under uniaxial strain conditions, the next sections
discuss the response of DSSs and metals that have similar microstructures to the
constitutive phases of DSSs.
A. Shock-compression Loading
Shock wave propagation can cause significant changes in the material
microstructure, depending on the tested material and loading conditions (peak stress and
shock loading duration) [91]. Also, the stored deformation defects in pre-shocked
materials can cause a dramatic increase in the mechanical properties [88,92]. Such a
loading scenario can happen during explosive-forming processes, ballistic impacts, blast
loadings, aerospace debris collisions, and explosions [93,94].
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Ferritic steels under shock loading conditions can deform via dislocation slip,
phase transformation, and deformation twinning [88,92,93,95–97]. Visser et al. [92]
showed that the effects of shock compression loading via plate impact experiments on a
low-carbon steel with mainly ferritic microstructure under peak stresses vary from 4.0
GPa to 9.0 GPa. They elucidated that tested material undergoes deformation via
dislocation slip and mechanical twinning. The density of the twins was found to be
dependent on the peak stress; the mean twin volume fraction increased from ~1.9% to
~4.2% by increasing the peak stress from ~4.0 GPa to ~9.0 GPa.
Shocking ferritic steels at peak stresses around or above 13 GPa can result in
retained microstructural defects (dislocations and twins) and reversible ferrite to
martensite (HCP-𝜀) transformation, named as pressure-induced phase transition
[88,98,99]. The martensite phase usually reverts to the original ferrite phase after
releasing the shock stresses. During a plate impact experiment, which is often utilized to
study shock loading effects, the occurrence of ferrite to martensite transformation varies
through the thickness of the tested sample [98,100]. This takes place because a secondary
shock wave (P2), which causes the phase transformation, interacts with the faster
rarefaction waves of the main shock wave (P1) [100]. This leads to decay the P2 wave as
explained in Fig.2.3 and cause a gradient of phase transformation through the sample
thickness [98,100].

Fig.2.3 X-t diagram for a shock experiment showing all waves. Upon the impact at t0,
two shock waves are formed: the fast 13 GPa-shock wave (P1) is followed by a slower
shock wave (P2) that is responsible for the ferrite phase transformation [100].
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Dougherty et al. [88] investigated the influence of shock loading on the
mechanical behavior and microstructure of a 1018 ferrite-pearlite steel at 12.5 GPa and
14 GPa using plate impact experiments. They reported that shocked samples show
deformation twins with misorientation angles of 38.9o about 110 axis and 60o about 111
axis. The samples shocked at 12.5 GPa showed a higher density of twins compared to the
sample shocked at 14 GPa. In contrast, the sample tested at 14 GPa showed a higher
fraction of grain boundaries with 2-5o misorientation. These low angle boundaries were
characterized as cell walls and micro-bands, and some of the micro-bands were defined
as twins based on the misorientation angles between them and the surrounding grains.
Quasi-static compressive results of the pre-shocked samples indicated that the shocked
samples experienced a clear hardening, leading to increased yield stress compared to a
sample tested in the as-received condition. The yield stress increase of the sample preshocked at 14 GPa was considerably higher than that of the sample pre-shocked at 12.5
GPa. In another study, Dougherty et al. [98] reported that the same 1018 steel experienced
a unique {332}<113> secondary twins inside the {112}<111> primary twins for the
sample shocked at 16.3 GPa. They reported that the secondary twins existed mainly near
the impact surface, and they considered them as a signature for the ferrite-martensiteferrite transformations because of their location and the variation in the hardness of the
material as a function of the sample thickness as shown in Fig.2.4. In this figure, they
showed that the increase in the hardness near the impact surface for 1018 samples tested
above the stress threshold of the ferrite to martensite transformation is attributed to the
occurrence of the fully reversible ferrite to martensite transformation.

Fig.2.4 Hardness through the thickness from the impact surface of 1018 steel samples
shocked at different peak stresses and in the as-received condition [98].
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Wang et al. [95] studied the shock response of a pure polycrystalline iron shocked
in the range of 12.5-14.5 GPa. They reported that the shocked material showed three
{112}<111> twin sets and {332}<113> twins. Both of them were reported to exist inside
needle-type regions. Based on Transmission Electron Microscopy (TEM) examinations,
they demonstrated that the needle regions are marks for the first transformation stage, i.e.,
the α→ɛ, during the loading stage. On the other hand, the formation of {112}<111> twins
inside the needle regions happened during the unloading stage due to the second
transformation stage, i.e., the ɛ →α.
Quasi-static testing of ferritic steel samples pre-shocked around or above the
stress threshold of the ferrite to martensite transformation showed a significant increase
in the flow stress because of the phase transformation occurrence. Gray III et al. [100]
reported that the compressive yield stress of a high-purity polycrystalline iron preshocked around 14.2 GPa increases by more than 120 MPa compared to a sample in asreceived condition. Similar findings were also reported by Bragov et al. [101] on a pure
iron (ArmcoTM).
Austenitic steels, on the other hand, experience deformation in forms of
dislocations, deformation bands, and mechanical twins under shock loading conditions
[91,102–104]. Also, they can experience the formation of BCT-martensite at twins and
shear bands intersections [91,105]. Murr [102] studied the shock response of 304
austenitic stainless steel at different peak stresses. Based on Transmission Electron
Microscopy (TEM) examinations, he reported that samples shocked at 15 GPa show
stacking faults and deformation twins. The former deformation was defined as the main
type at this peak stress. Increasing the peak stress resulted in the activation of more twins,
as well as increase the fraction of BCT-martensite that is formed at the twins and shear
bands intersections. They documented that the peak stress and pulse duration have a
positive influence on the twin density and the BCT-martensite volume fraction.
Maloy et al. [91] studied the shock response of 304 austenitic stainless steel at
peak stresses in the range of 35 to 45 GPa using a Taylor wave (i.e., triangular wave).
They documented that the shocked samples showed mechanical twins compared with
stacking faults and dislocations under quasi-static loading. They explored the effects of
stored defects in the pre-shocked samples on the compressive, tensile, and hardness
responses. The pre-shocked samples showed a clear hardening, leading to a significant
increase in the yield stress under compressive and tensile loading and a clear increase in
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the hardness. However, the ductility of the pre-shocked samples decreased about two
times. Furthermore, they found that the fraction of the martensite phase that was in an asreceived condition was not affected by the shock loading. This was attributed to the short
pulse duration of the Taylor wave that did not allow nucleation and growth of the
martensite phase at the twin intersections.

B. Dynamic Tensile Failure (Spallation) under Shock Loading
Spallation is the main failure mode for materials subjected to shock loading. The
plate impact experiment is the most used technique to study a material’s spall responses
[94]. In this experiment, the tested material is subjected to a state of tensile stresses due
to the interactions of the rarefaction waves that reflect from the free surfaces as shown by
the x-t diagram in Fig.2.5 [106–108]. If the tensile stresses exceed the material strength
(spall strength), the material can experience spall damage [90,94,106]. The nature of this
damage depends on the material and loading conditions. It can be either a ductile fracture
following a sequence of void nucleation, growth, coalescence, and full separation (full
spall) [106,109] or a brittle fracture following a sequence of void/crack nucleation and
rapid crack propagation [66,110].
Spall strength is not an inherent material property. It depends not only on the
material microstructure but also on the tensile stress history that is determined by the
loading parameters, that is, peak stress, pulse duration, and release rate [90,108,111].

Fig.2.5 X-t diagram for waves during plate impact experiment.
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Microstructural features have a significant influence on spall damage, including
crystal

structure,

grain

size,

grain

misorientation,

and

grain

morphology

[66,107,109,111–113]. Spall damage in BCC metals is different from that in FCC metals.
Escobedo-Diaz et al. [112] studied the spall damage evolution in tantalum (BCC crystal
structure) and copper (FCC crystal structure) with three different grain sizes at different
compressive stresses: tantalum at 5.7 GPa and copper at 1.5 GPa. The damage was
dependent on the grain size for both materials; however, the grain size effect is different
between them. The damage content of the tantalum samples increased with increasing
grain size, whereas the lowest damage content was measured in the copper sample with
intermediate grain size. Also, different void nucleation and coalescence processes were
observed between the tested materials. Copper samples experienced predominantly
intergranular void nucleation, growth, and coalescence. The tantalum samples, on the
other hand, showed a significant fraction of transgranular damage.
Loading parameters, on the other hand, have clear effects on spall damage. Gray
III et al. [113] studied the effects of shock wave shape on the spall response and damage
of 316L austenitic stainless steel at different peak stresses. Samples tested at the peak
stresses of 6.6 and 10.2 GPa with square-topped waves experienced an incipient spall,
while samples tested at the same peak stresses with triangular (Taylor) waves did not
show any damage. Increasing the peak stress from 6.6 GPa to 10.2 GPa for the squaredtopped waves caused the nucleation of more voids, increasing the shear linkage between
the voids and reducing the void growth. Testing at 14.5 GPa with Taylor wave led to the
development of an incipient spall with void numbers comparable to that of samples tested
at 6.6 GPa using a square-topped wave but with a significantly less average void area.
Moreover, they reported that locations of void nucleation were independent of the shock
wave profile, and both samples tested with square-topped and Taylor waves at 14.5 GPa
experienced an intergranular damage mode.
Li et al. [66] investigated the effects of loading direction on the spall response of
DSS 2205 at different peak stresses. The tested material showed a negligible anisotropy
in the Hugoniot Elastic Limit (HEL) because the HEL was governed by the austenite
phase that is characterized with elastic-isotropic properties including a weak texture and
high crystal symmetry. However, the spall strength was anisotropic at low peak stress
with incipient spall. The sample tested along the RD had the highest spall strength, while

25

Chapter 2

Literature Review

the sample tested along the Normal Direction (ND) had the lowest. Incipient spall
occurred via void nucleation at the phase boundaries followed by growth and coalescence
of voids either along the phase boundaries or within the ferrite phase as a cleavage brittle
fracture. The austenite phase, which was the soft and ductile phase, worked as a barrier
for the crack propagation. The authors also reported that the variation in the strain field
around the phase boundaries from dilatational strain (in case of the phase boundaries
normal to the shock direction) to shear strain (in case of the phase boundaries parallel to
the shock direction) promotes more plastic deformation. Increasing the impact velocity
to ⁓450 m/s resulted in full spall with a ductile fracture and increased the spall strength.
Silverstein and Eliezer [114] studied the effects of grain shapes on the spall
response of an LDX alloy. They reported that the HEL is independent of peak stress and
dependent on grain shapes; it is higher for samples with elongated grains. Also, they
explained that the elongated grains provide more barriers for the dislocation movement,
which in turns varies the shape of the HEL’s area. Furthermore, they reported that the
spall damage propagation was intergranular for the samples with elongated grains and
transgranular for samples with equiaxed grains. The spall strength was dependent on the
grain shape and peak stress, it increased with increasing peak stress.
LDX 2101 and LDX 2404 can be used in applications that are likely subjected to
shock loading, such as firewalls and blast walls in the offshore industry and pressure
vessels [4,44,114]. However, to the best of our knowledge, no studies have investigated
their responses under shock-compression loading or explored the spall response and
microstructural changes of LDX 2404, and most of the available studies on LDX 2101
spall response have focused on hydrogen embrittlement with limited microstructural
investigations. Moreover, there are few reports on the shock-compression and spall
responses of dual phase steels compared to those on single-phase alloys [91,102,103,105].
To this end, studying the shock-compression and spall responses of LDX 2101 and LDX
2404 is of great value for expanding their use and further developing new LDX alloys.
Also, such studies could contribute to enhancing our understanding of the properties of
dual phase alloys under extreme loading scenarios because these alloys represent
excellent examples of dual phase steel alloys.
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2.4. Summary and Research Gaps
2.4.1. Summary
This chapter presented a literature review on stainless steel alloys and the
mechanical responses of Duplex Stainless Steels (DSSs) and similar alloys under
different loading conditions. The following points summarize the discussed topics.
-

Stainless steel alloys are iron alloys with more than 10.5% Cr; they have
excellent mechanical properties and superior corrosion resistance compared
to carbon steels. They are classified into different groups based on their crystal
structure. The chemical composition and thermal treatment during the
manufacturing process are the main factors in determining the grade of the
stainless steel alloy.

-

Lean Duplex Stainless Steels (LDXs) are part of the duplex family with equal
volume fractions of austenite and ferrite phases. LDX 2101 and LDX 2404
are recently developed alloys by Outokumpu® via partially replacing the
expensive elements (Ni and Mo), they have better mechanical and corrosion
properties than single-phase austenitic and ferritic stainless steels and standard
DSSs.

-

DSSs are characterized by manufacturing-related anisotropy that enhances the
mechanical properties along the Transverse Direction (TD).

-

Mechanical responses and deformation mechanisms of the constituent phases
of DSSs are affected differently by the strain rate. The stability of austenite is
influenced by the strain rate, and this can activate different deformation
modes, dislocation slip, mechanical twinning, and phase transformation,
which in turn affects the bulk mechanical response of DSSs.

-

Under shock loading, ferritic and austenitic steels deform differently. Ferritic
steels can deform via dislocation slip, mechanical twinning, and reversiblephase transformation. The fingerprints of the latter mode are deformation
twins. Austenitic steels deforms via dislocations, shear bands, mechanical
twins, and martensitic transformation. The density of these deformation
defects is dependent on peak stress and shock wave duration.

-

Spall strength and damage of DSSs are influenced by loading parameters and
initial microstructure; their spall strength increases with peak stress.
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2.4.2. Research Gaps
Based on the presented literature review on the mechanical responses of DSSs
under different loading conditions, the following points represent the research gaps that
are examined in this study:
-

The influence of load/strain partitioning, austenite phase transformation, grain
shape and phase boundaries morphology on the mechanical anisotropy of DSSs
remain unexplained. Also, the mechanical anisotropy of LDX 2101 and LDX
2404 have not been fully assessed in the past.

-

No reports of comprehensive investigations on the mechanical properties and
microstructural evolution of LDX 2101 and LDX 2404 under compressive
dynamic loading are available.

-

No studies have investigated LDX 2101 and LDX 2404 responses under shockcompression loading, and only a limited number of studies have investigated
their spall response and accompanied microstructural changes.
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3. Materials and Experimental
Methods*
3.1. Introduction
Performing initial characterization to understand materials microstructures is
crucial to define a datum for determining microstructural changes when materials are
subjected to different loading conditions. Also, defining acoustical properties is a basic
requirement to design some experiments (for instance, plate-impact experiments).
Manufacturing details, physical properties, and microstructural characterizations in asreceived condition of the alloys employed in this study, Lean Duplex Stainless Steels
2101 and 2404 (LDX 2101 and LDX 2404), are reported in this chapter. Equipment and
experimental techniques used to study mechanical responses and microstructural changes
in the studied materials are also described in this chapter.

* Parts of this chapter are based on following papers:
-

Ameri, A. et al. (2019) “Effects of load partitioning and texture on the plastic
anisotropy of duplex stainless steel alloys under quasi-static loading conditions”
Materials Science and Engineering: A. Elsevier B.V., 752(March), pp. 24–35.
doi: 10.1016/j.msea.2019.02.090.

-

Ameri, A. A. H. et al. (2019) “An Effective Pulse-Shaping Technique for Testing
Stainless Steel Alloys in a Split-Hopkinson Pressure Bar” Journal of Dynamic
Behavior of Materials. Springer International Publishing, 5(1), pp. 39–50. doi:
10.1007/s40870-019-00181-3.

-

Ameri, A. A. H. et al. (2018) “Investigating the Dynamic Tensile Response of
Lean Duplex Stainless Steel and the Effects of Radial Waves Using the Recovered
Plat-Impact Experiment” in EPJ Web of Conferences. doi:
10.1051/epjconf/201818303012.

-

Ameri, A. A. H. et al. (2018) “The effect of loading direction on the dynamic
damage in lean duplex stainless steel 2101” in AIP Conference Proceedings. doi:
10.1063/1.5044811.

Chapter 3

Materials and Experimental Methods

3.2. Materials Characterization
3.2.1. Basic Materials Details
A 20 mm thick LDX 2101 (UNS S32101, EN 1.4162) hot-rolled plate and a 6 mm
thick LDX 2404 (UNS S82441, EN 1.4662) hot-rolled coil-plate produced by
Outokumpo® were used in this work. The manufacturing process by the supplier involved
melting the raw materials using an electric arc furnace and then using the Argon Oxygen
Decarburization (AOD) process to reduce the carbon content to the targeted amount (<
0.04% for LDX 2101 and < 0.03% for LDX 2404 [1]) before slab-casting. The slab was
then hot rolled to the final thickness. Finally, the plate was heat-treated at ~1050oC,
followed by water quenching. The bulk chemical compositions of the materials, as
specified in the supplier material certification (Appendix A.1), are shown in Table 3.1.

Table 3.1: Chemical composition (wt. %) of the investigated materials (Appendix A.1).
Element

C

Mn

Si

S

P

Ni

Cr

Mo

Cu

N

Fe

LDX 2101

0.030 4.080 0.590 0.010 0.030 1.550 21.500 0.340 0.240 0.230 Bal.

LDX 2404

0.020 2.930 0.420 0.001 0.025 3.660 24.120 1.610 0.340 0.273 Bal.

3.2.2. Microstructural Characterization in As-received Condition
Electron Backscatter Diffraction (EBSD) measurements of as-received materials
show equal area fractions of the austenite (γ) and ferrite (α) phases in both cases. EBSD
phase maps of the reference planes (Rolling Direction (RD), Transverse Direction (TD),
and Normal Direction (ND) planes) in Fig.3.1 show that the size of the phase fields is
larger in LDX 2101 than LDX 2404. This results in a higher density of phase boundaries
in LDX 2404. Both materials have a pancake structure; the austenite islands appear
thinner in the TD and RD planes.
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(a)
(b)
Fig.3.1 EBSD phase maps of the reference planes in as-received condition (a) LDX
2101, and (b) LDX 2404

The interior structures within each phase were determined by obtaining the
distributions of Low Angle Grain Boundaries (LAGBs, <15o), High Angle Grain
Boundaries (HAGBs, >15o), and twin boundaries ∑3 (boundaries with 60o rotation about
<111> direction) and ∑9 (boundaries with 38.9o rotation about <110> direction). Fig.3.2
shows representative EBSD plots of both phases in LDX 2101 and LDX 2404 for the ND
plane in which the LAGBs, HAGBs, ∑3, and ∑9 are plotted in yellow, red, blue, and
green lines, respectively. The misorientation diagrams for both alloys, including all the
interior structures and grain boundaries, are shown in Figs.3.3 (a) and (b). They show a
high fraction of the HAGBs in the austenite phase due to the presence of ∑3 and ∑9 twins,
which appear as peaks at 60 and 39. Conversely, the ferrite phase contains a high
fraction of the LAGBs, which represents the presence of deformation-induced
substructures. The fraction of LAGBs in the LDX 2404 sample is about 10% more than
that of LDX 2101 for both phases. The main grain boundaries misorientation diagrams
(i.e., misorientation diagrams for all boundaries, excluding twins and substructures) for
both phases are shown in Fig.3.3 (c) and (d). The austenite phase in both alloys has a
nearly random grain boundaries misorientation compared with the ideal random
distribution curve of polycrystalline cubic structures (MacKenzie distribution [2]), and
this is an indication that the austenite phase has no/weak crystallographic texture. The
grain boundaries misorientation diagrams of the ferrite phase in both alloys clearly
deviate from the random distribution.
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The average grain size of the austenite grains, excluding twins, is ⁓44 µm for LDX
2101 and ⁓14 µm for LDX 2404. Including twins in the grain size calculations makes the
grain size ⁓27 µm for LDX 2101 and ⁓9 µm for LDX 2404. For the ferrite phase, the
average grain size is ⁓65 µm for LDX2101 and ⁓25 µm for LDX 2404. Hence, the LDX
2101 grain size is about three times larger than LDX 2404 for both phases.

(a)

(b)

(c)
(d)
Fig.3.2 The interior structures in the ND plane (a) ferrite phase of LDX 2101, (b)
austenite phase of LDX 2101, (c) ferrite phase of LDX 2404, and (d) austenite phase of
LDX 2404.
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(a)

(b)

(c)
(d)
Fig.3.3 Misorientation diagrams (a) LDX2101 including all the interior structures, (b)
LDX 2404 including all the interior structures, (c) LDX2101 for the main grains, and
(d) LDX 2404 for the main grains.
Crystallographic textures are presented using Pole Figures (PFs) and Orientation
Distribution Functions (ODFs) of Bunge Euler angles (1,, 2). PFs is a 2-D
stereographic projection that is used to present the locations and intensities of particular
crystallographic orientations with respect to the sample geometry [3,4]. ODF is a
mathematical function that explains the locations and intensities of specific
crystallographic orientations in a 3-D space using Euler angles that describe the rotation
of crystallographic axes of each grain with respect to the sample principal axes [3,4].
Fig.3.4 shows the PFs and ODFs of the ferrite and austenite phases for both materials. By
comparing the peaks in Fig.3.4 with most common textures for FCC and BCC steels
(Table 3.2), the austenite in LDX 2101 and LDX 2404 exhibits a weak Brass texture
{110}<112> in LDX 2101 and a γ-fiber {111}<112> in LDX 2404. In comparison, the
ferrite phase displays a stronger classical rotated Cube texture {001}<110> in LDX 2101
and, uncommonly, rotated Goss {110}<110> texture in LDX 2404. It has been reported
in many studies that a rotated Cube texture develops in the ferrite phase of DSSs, which
is different from single-phase ferritic stainless steels that develop α-fiber textures [5–7].
Furthermore, the ferrite phase in LDX 2404 has a significantly stronger crystallographic
texture than that of LDX 2101.
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Table 3.2: Most common texture components and fibers of FCC and BCC metals and
their orientation and Euler angles at 2 =45 [5,8,9].
FCC
Texture/fiber
name

Orientation
(Miller indices)

Cube
Goss
Copper

{001}<100>
{110}<001>
{112}<111>
{111}<112>/{111
} parallel to ND
{110}<112>

γ-fiber
Brass

BCC
Euler
angles
(1,, 45)
[45 0 45]
[90 90 45]
[90 35 45]
[30 55 45]
[90 55 45]
[55 90 45]

Texture/fiber
name

Orientation
(Miller indices)

Rotated cube
Goss
Rotated goss

{001}<110>
{110}<001>
{110}<110>
{111}<112>/{111
} parallel to ND

γ-fiber

Euler
angles
(1,, 45)
[45 0 45]
[90 90 45]
[0 90 45]
[60 55 45]
[90 55 45]

Fig.3.4 PFs and ODFs of as-received samples (a) (111) PF of γ-LDX 2101, (b) (001)
PF of α-LDX 2101, (c) (111) PF of γ-LDX 2404, (d) (001) PF of α-LDX 2404, (e) ODF
of γ-LDX 2101, (f) ODF of α-LDX 2101, (g) ODF of γ-LDX 2404, and (h) ODF of αLDX 2404.
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There are heterogeneous spatial distributions of both phases in both alloys.
Examples are shown with EBSD phase maps for the TD plane in Fig.3.5, which reveal
that the spacing between austenite islands varies over a large range. This variation in
distribution was found at different depths from the surface. The crystallographic texture
of the austenite phase in LDX 2101 at these locations is mainly Brass texture [55,90,45],
as shown in Fig.3.5 (b). For LDX 2404, the preferred orientations of the austenite phase
are similar to the bulk-phase crystallographic textures (Fig.3.5 (d)). It is worth noting that
the high texture index in Fig.3.5 (b) is due to the size of the scanned area compared with
the grain size (i.e., only a few grains are considered).

(a)

(b)

(c)
(d)
Fig.3.5 (a) Phase map of LDX 2101, (b) ODF of γ-LDX 2101 in (a), (c) phase map of
LDX 2404, and (d) ODF of γ-LDX 2404 in (c).

3.2.3. Elastic Properties
The elastic properties: Poisson’s ratio (𝜈), shear modulus (G), and Young’s
modulus (E) of the two tested materials are tabulated in Table 3.3. They were estimated
by equations 3.1 to 3.3, reported in Ref. [10], and the values of the longitudinal wave
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sound speed (cl), shear wave sound speed (cs), and material density (𝜌) listed in Table 3.3.
The sound wave speeds were measured via Pulse-echo ultrasonic testing using the
Olympus® 5077PR ultrasonic square wave pulser/receiver. Fig.3.6 shows the
longitudinal and shear waves of LDX 2101 and LDX 2404 samples. cl and cs values were
determined after defining the sample thickness and the required time (∆t) for the sound
wave to be received at the sample surface after it reflects at the back surface.
Acoustical properties were used in the uniaxial strain experiments (shockcompression and spallation) and dynamic uniaxial stress experiments, as explained in the
following sections.

Table 3.3 Materials properties of LDX 2101 and LDX 2404 samples.

Material

Average

Average

Density (𝝆)

longitudinal

shear wave

Poisson’s

(g/cm3)

wave speed (cl)*

speed (cs)*

ratio (𝝂)

(m/s)

(m/s)

Shear

Young’s

modulus G

modulus E

(GPa)

(GPa)

LDX 2101

7.73

5812 ± 22

3340 ± 5

0.26

86.1

215.9

LDX 2404

7.70

5779 ± 38

3312 ± 13

0.27

84.0

213.2

* Uncertainties of cl and cs represent the standard deviation for at least three measurements.
2

𝑐
1−2( 𝑠 )

𝜈=

𝑐𝑙
2
𝑐𝑠
2−2( )
𝑐𝑙

𝐺 = 𝑐𝑆2 𝜌
𝐸=

𝑐𝑙2 𝜌(1−2𝜈)(1+𝜈)
(1−𝜈)

Eq. 3.1

Eq. 3.2
Eq.3.3
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(a)

(b)

(c)
(d)
Fig.3.6 Profiles of sound waves for a ~20 mm sample thick of LDX 2101 and ~6 mm
sample thick of LDX 2404 along the ND (a) longitudinal wave in LDX 2101, (b) shear
wave in LDX 2101, (c) longitudinal wave in LDX 2404, and (d) shear wave in LDX
2404. cs or cl =

2× 𝑠𝑎𝑚𝑝𝑙𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
∆t

.

3.3. Experimental Techniques
3.3.1. Sample Preparation
All samples for uniaxial stress and uniaxial strain testing were machined from the
supplied plates using Makino® Electrical Discharge Machining (EDM; (Fig.3.7 (a)) to
achieve the required tolerances with minimum thermal damage. In EDM, the material is
removed by an electric spark generated between an electrically thin charged wire (Fig.3.7
(b)), and the machined piece is submerged in a dielectric liquid.
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(a)
(b)
Fig.3.7 (a) Makino® EDM at UNSW Canberra, and (b) EDM cutting setup.

Cutting tested samples at the desired location with the desired dimensions for
microstructural examinations was done using a low-speed diamond saw Buehler® IsoMet
(Fig.3.8). A cutting oil (IsoCutTM fluid) was used to reduce friction effects and improve
the cutting quality.

Fig.3.8 Low-speed diamond saw Buehler® IsoMet.

Samples for microstructural examinations and micro-hardness measurements
were mounted using an epoxy resin (EpoFix-Struers®). Sample grinding and polishing
were accomplished using a Tegramin™-25 (Fig.3.9 a) following the steps tabulated in
Table 3.4. Sample cleaning during the grinding and polishing steps was done using the
ultrasonic cleaning unit Lavamin™ (Fig.3.9 b).
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(a)

(b)

Fig.3.9 (a) Grinding and polishing machine (Tegramin™-25), and (b) ultrasonic
cleaning unit Lavamin™.

Table 3.4 Grinding and polishing recipe for stainless steel alloys suggested by Struers®.
Time

Step

Preparation step

Surface type

Lubricant

1

Plane grinding

Silicon carbide foil (SiC)

Water

1.10*

2

Fine grinding

9 𝜇m diamond suspension

5.50

3 𝜇m diamond suspension

4.40

3

4

Epoxy-coated tinplate
disc (MD-Largo)

Diamond

Satin woven acetate disc

polishing

(MD-Dac)

Oxide polishing

Porous neoprene disc

40 nm non-drying colloidal

(MD-Chem)

silica suspension**

(min)

2.20

* Time was adjusted until a flat surface was achieved.
** 20 nm acidic aluminum suspension was used instead of non-drying colloidal silica suspension because
the latter suspension caused a significant relief.

A final chemical-mechanical polishing step was performed with the vibratory
polisher VibroMet®2-Buehler® (Fig.3.10) using 20 nm non-crystallizing colloidal silica
suspension (MasterMetTM2). This step removes any fine scratches introduced by the
previous mechanical steps and relief artifacts. Samples were polished for three hours with
an applied mass of ⁓420 gm per sample mounted in a 25 mm mold.
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Fig.3.10 Vibratory polisher VibroMet®2-Buehler® with MasterMetTM2 suspension.
Samples for EBSD examinations were further cleaned for 30 min using the
Technoorg Linda SEMPrep2® ion milling system (Fig.3.11) operated at 10 keV and 7o
stage tilt to remove any mechanical damage caused by the mechanical polishing steps.
This step is essential when EBSD data are used to measure strain fields as any mechanical
damage due to mechanical polishing could cause a considerable error.

(a)
(b)
Fig.3.11 (a) Technoorg Linda SEMPrep2® ion milling system, and (b) cleaning
chamber.

3.3.2. Micro-Hardness Measurements
Micro-hardness measurements were conducted using a Shimadzu® microhardness tester (HMV-G21; Fig.3.12)) with a loading range of 2-2000 gf. This device is
equipped with Vickers and Berkovich indenters. Samples were prepared before
performing hardness measurements as explained in the previous section. At least five
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indentations were performed for reproducibility, and spacing between the adjacent
indentations’ center was set to be at least three times the indentation diagonal length to
avoid the effects of plastic deformation resulting from indentations.

Fig.3.12 Shimadzu® micro-hardness tester (HMV-G21) equipped with Vickers and
Berkovich indenters and different optical lenses.

3.3.3. Optical Microscopy Examinations
An AXIO ZEISS® optical microscope (Fig.3.13) with a bright field reflected light
mode was used in this study. Different magnifications were used (50x-500x
magnification), depending on the features size. Optical images for the dynamic tensile
damage of samples tested under uniaxial strain loading conditions were acquired using a
tiling and stitching technique, which is used to generate a high-resolution image for a
large area. Image J® software was used to process the optical microscopy images.

Fig.3.13 AXIO ZEISS® optical microscope with different magnification lenses.
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3.3.4. Electron Backscatter Diffraction (EBSD) Measurements
EBSD scans were used to examine the microstructure of the studied alloys in asreceived and deformed conditions. These scans provide information about grain size,
strain fields, grains’ orientation, phase identification, and substructure inside the material
with a spatial resolution of about 30 nm. EBSD examinations were performed using a
Variable Pressure Field Emission Scanning Electron Microscope (VP-FESEM) TESCAN
MIRA3® equipped with an Oxford® EBSD detector (Fig.3.14). Post-processing of the
EBSD data was done using TSL OIM® software.

(a)
(b)
Fig.3.14 (a) TESCAN MIRA3® VP-FESEM (b) parts and detectors inside the SEM
chamber.
SEM and EBSD parameters were optimized to get the best possible data. For
instance, the examination of highly deformed samples was done at a beam voltage of 16
kV, spot size of 28 nm, and working distance of 17 mm, which is the distance between
the beam gun and the sample surface. On the other hand, as-received samples were
scanned using a beam voltage of 20 kV, spot size of 31 nm, and working distance of 20
mm. The step size for EBSD scanning was determined based on the scan purpose and the
complexity of the substructures in the scanned sample, which varied from 0.5 𝜇m (for asreceived samples with relatively coarse features > 5 𝜇m) to 40 nm (for deformed samples
with fine features < 500 nm).

3.3.5. Quasi-Static Testing
Quasi-static testing under compressive conditions was performed using a ball
screw AG-X Shimadzu® universal testing machine with a 100 kN load capacity
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(Fig.3.15). Testing was done with a strain control mode using Trapezium-Shimadzu®
software to achieve a constant strain rate during testing.

Fig.3.15 AG-X Shimadzu® universal testing machine in compression setup.
Cylindrical samples were sandwiched between two layers of inserts (tool steel and
tungsten carbide), as shown in Fig.3.15, to protect the compression platens that have a
relatively low yield stress of about 300 MPa. To minimize friction artifacts, thin layers of
molybdenum disulfide lubricant (MoS2) were used at the interfaces. Sample deformation
was measured from the crosshead displacement after performing a compliance correction.
The aim of this correction is to obtain only the sample deformation by measuring the
deformation of the machine frame, compression platens and inserts, and then subtracting
them from the total measured deformation.
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For the pre-compressed samples tested under uniaxial strain conditions in Chapter
Seven, the pre-compressing step was performed using a hydraulic UDH-100 Shimadzu®
universal testing machine with a 1000 kN load capacity. An integrated laser extensometer
system was used to measure the sample deformation as shown in Fig.3.16. This machine
was used to apply a maximum load of about 300kN, which is beyond the capacity of the
AG-X Shimadzu® machine, to deform samples to the required strain level.
Synchronization of the laser extensometer data and load data was done using a LabView®
platform.

Fig.3.16 UDH-100 Shimadzu® universal testing machine.

3.3.6. Dynamic Uniaxial Stress Testing
Uniaxial stress testing at high strain rates (> 500 s-1) under compressive was
performed using a Split Hopkinson Pressure Bar (SHPB). In the conventional SHPB
testing (Fig.3.17), the sample sandwiched between the incident and transmission bars is
subjected to a rectangular compression pulse resulting from the striker bar impacting the
incident bar. Due to the difference in areal acoustic impedance (ρclA), where A is the
cross-sectional area, between the sample and bars, a tensile pulse is reflected at the
incident bar/sample interface, and a compression pulse passes through the sample into the
transmission bar.
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(a)

(b)
Fig.3.17 (a) Image of the SHPB equipment used in this study, and (b) schematic of a
classical SHPB apparatus.

Applying one-dimensional elastic wave propagation principles, the strain rate in
the sample is calculated using Eq.3.4 [11]:
𝜀̇(𝑡) =

𝐶𝑙
𝑙𝑠

(−𝜀𝑖 (𝑡) + 𝜀𝑟 (𝑡) + 𝜀𝑡 (𝑡))

Eq. 3.4

where 𝜀𝑖 , 𝜀𝑟 and 𝜀𝑡 are incident strain, reflected strain, and transmitted strain measured
by the mounted strain gauges, respectively, and ls is the initial sample length. Assuming
the sample is under force equilibrium, the strain rate, strain, and stress in the sample can
be determined by Eq.3.5, Eq.3.6, and Eq.3.7, respectively [11]:
𝜀̇𝑠 (𝑡) =
𝜀𝑠 =

2𝑐𝑙
𝑙𝑠

𝜎𝑠 (𝑡) =

2𝑐𝑙 𝜀𝑟 (𝑡)
𝑙𝑠

∫ 𝜀𝑟 (𝑡)𝑑𝑡
𝐴𝑏 𝐸𝑏
𝐴𝑠

𝜀𝑡 (𝑡)

Eq.3.5
Eq.3.6
Eq.3.7

where Ab and As are bar and sample cross-sectional areas and Eb is the modulus of
elasticity of the bars’ material. Using the aforementioned equations requires the sample
to be under force equilibrium conditions [12,13], meaning the force at the sample/incident
bar interface is similar to the force at the sample/transmission bar interface. Achieving
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this condition can be determined using the 1-wave and 2-wave analyses. The former
analysis, which represents the force at the sample/transmission bar interface, is
represented by Eq.3.7, while the 2-wave analysis, which represents the force at the
incident bar/sample interface, is determined by Eq.3.8:
𝜎𝑠 (𝑡) =

𝐴𝑏 𝐸𝑏
𝐴𝑠

(𝜀𝑖 (𝑡)+𝜀𝑟 (𝑡))

Eq.3.8

When force equilibrium condition is satisfied, Eq.3.7 equals Eq.3.8.
Consequently, the equilibrium condition can be expressed as 𝜀𝑖 (𝑡) = 𝜀𝑟 (𝑡) + 𝜀𝑡 (𝑡).
In this study, a SHPB apparatus with 19.05 mm diameter Maraging steel C350
bars was used; the lengths of the incident and transmission bars were 1900 mm and 1827
mm, respectively. Sample dimensions were selected to reduce the effects of inertia and
friction; it has been recommended to use samples that have a length-to-diameter ratio
(L/D) of 0.5 ≤ L/D ≤ 1.0 [13]. For both tested materials, L/D was selected to be 0.6.
Valid SHPB experiments must satisfy two conditions: force equilibrium at the
sample/bar interfaces and constant strain rate during the test period [14,15]. Conventional
SHPB testing involves generating a rectangular incident elastic stress-wave pulse with
significant oscillations resulting from dispersion effects [13]. Using such a pulse for
testing significant strain-hardening materials, such as LDXs, violates both requirements
of a valid SHPB test. Appendix A.2 provides more details about the limitations of
conventional SHPB testing.
Pulse Shaping

Pulse shaping techniques are used for testing materials that display significant
strain hardening and strain rate dependent deformation mechanisms by modifying the
profile of the incident pulse and dampening out oscillations [14,16]. The proper
implementation of these techniques leads to achieving a valid SHPB test [16–20]. Pulse
shaping can be achieved using different approaches, such as the addition of a preloading
bar, tapered striker bars, and pulse shapers [17,21,22]. The pulse shaper technique is the
most common method employed to modify the incident pulse. It involves placing a single,
thin metallic disk, or combination thereof, at the striker/incident bars interface. Typically,
a single pulse shaper is made of a soft material, such as an annealed copper [12,16,23].
The major caveats of this method are (a) not being suitable to test materials with high
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strain hardening, and (b) tailoring the pulse shapers’ thickness and diameter to meet the
requirements of various materials and testing conditions (impact velocity and striker bar
length) [23]. Defining the optimal pulse shaper dimension is usually achieved via timeconsuming experimental trials [14,16]. Another pulse shaper technique utilizes a layered
approach consisting of a soft pulse shaper, rigid piece of metal, and primary pulse shaper
[22]. This layered approach requires the design and machining of more than one pulse
shaping material; the primary pulse shaper must also vary with the tested material as it
should have similar mechanical properties of the tested material. Furthermore, deforming
two pulse shapers causes a considerable reduction in the input energy [22–25].
Using a pulse shaper can effectively modify the incident pulse profile. Fig.3.18
illustrates four distinct stages of an incident pulse when a pulse shaper made of LDX 2101
is used. The first three stages reflect the behavior of the pulse shaper during the loading
period, whereas the last stage represents an elastic unloading period [16]. The elastic
deformation of the pulse shaper is represented by stage one. The transition from stages
one to two, indicated by the black circle, is the elastic-plastic transition of the pulse
shaper. The second stage represents the time during which the pulse shaper is undergoing
plastic deformation. The third stage flattens out due to the lack of input energy required
to cause further plastic deformation for the pulse shaper. Any plastically deformed pulse
shaper material will provide such a profile; however, the third flat stage might disappear
when the input energy is high enough to cause further plastic deformation.

Fig.3.18 A typical incident pulse using LDX 2101 as a pulse shaper with four
characteristic stages.
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Pulse Shaper Material

The incident pulse profile is governed by the mechanical properties and
dimensions of the pulse shaper and the testing conditions (impact velocity (Vimp) and
striker bar length (lsk)). Fig.3.19 shows incident pulses under three conditions: without a
pulse shaper, with an LDX 2101 pulse shaper, and with an annealed C-1100 copper pulse
shaper of the same dimensions and impact conditions. The copper pulse shaper has low
yield stress and significant ductility, whereas the LDX 2101 pulse shaper has high yield
stress and significant strain hardening. The former pulse shaper greatly reduces the
amplitude and duration of stage one (the elastic stage) and increases the slope and
duration of stage two (the plastic stage) compared with the LDX 2101 pulse shaper. This
is due to the low yield stress of copper compared to LDX 2101.
The pulse shaper material should have high yield stress to control the elasticplastic transition in the incident pulse profile at various strain rates [11]. The dynamic
yield stress of C1100 copper, for example, is too low to manipulate the incident pulse
when testing materials with a significantly higher dynamic yield stress (e.g., LDX 2101);
this is the case even with a copper pulse shaper machined to the maximum possible
diameter (i.e., the same diameter as the incident bar). Moreover, it is recommended that
the pulse shaper material has strain-rate sensitivity on the yield stress. This aspect is useful
when testing materials that have strain-rate sensitive yield stress at a low strain rate
regime to avoid using a tiny pulse shaper diameter. Also, high ductility is crucial so that
the pulse shaper does not fracture during the impact, ensuring that samples are subjected
to satisfactory loading conditions during the entire period of the test and minimizing the
possibility of damaging the striker and incident bars from fragments. Therefore, a pulse
shaper with high yield stress, high ductility, and preferably with strain-rate sensitive yield
stress is required. The mechanical response of LDX 2101 is strain rate dependent, and it
has high yield stress and a strain-hardening coefficient, as shown in Fig.3.22, Fig.3.23,
and Chapter Five, compared with copper. Moreover, LDX 2101 has high ductility,
upwards of 55% strain for dynamic testing without fracture. Consequently, LDX 2101
was selected as the pulse shaper material in this study for testing LDX 2101 and LDX
2404.
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Fig.3.19 Incident pulses with and without pulse shapers (Impact velocity (Vimp) = 16.5
m/s and striker bar length (lsk) = 228.6 mm).

Pulse Shaper Dimensions

Increasing pulse shaper thickness (t) leads to an increase in the pulse duration and
duration of the plastic stage as shown in Fig.3.20 (a) [16]. Additionally, the pulse shaper
thickness influences the starting point of the plastic stage (stage two) and the duration of
the third stage, which increases the thickness results in a lower elastic-plastic transition
and reduces the duration of stage three. Increasing the pulse shaper diameter (d) leads to
a reduction in the pulse duration and the rise time Fig.3.20 (b) [16]. Moreover, increasing
the diameter leads to an increase in the elastic-plastic transition and duration of stage
three. From Fig.3.20, it is clear that a diameter reduction by ~21% leads to a reduction in
the onset of stage two by ~250 MPa, and increasing the thickness by 129% leads to a
reduction in the starting point of stage two by ~100 MPa. Thus, the pulse shaper diameter
has a greater influence on the starting point of stage two than the thickness. It was
observed that changing the thickness to achieve the desired profile, without changing the
diameter, increases the oscillations present in the incident pulse [16]. On the other hand,
maintaining a constant thickness for various pulse shaper diameters was not as effective
as changing the thickness with a constant diameter to control the onset and duration of
stage three. Consequently, changing both thickness and diameter is the most effective
way to achieve the desired incident profile. However, altering both dimensions is a caveat
for experimental testing where an educated trial-and-error approach may be costly and
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time consuming. Thus, a simple finite element model can be the most effective way to
determine the ideal dimensions of pulse shapers.

(a)

(b)
Fig.3.20 Effects on the incident pulse by (a) pulse shaper thickness, and (b) pulse shaper
diameter. (Vimp = 35.5 m/s, and lsk = 228.6 mm).

Pulse Shaper Design Method

In this work, Finite Element (FE) simulations are used as an effective pulse shaper
design tool. The workflow procedure for defining the optimal dimensions of the pulse
shaper is shown in Fig.3.21. This procedure may be used for any material that has suitable
properties as a pulse shaper when testing materials with a high strain-hardening rate.
Proper dimensions of a pulse shaper at specific testing conditions (impact velocity and
striker length) should be suitable to make the incident pulse mimic the transmitted pulse
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profile. Two general guidelines could be used for testing any material undergoing strain
hardening based on the effects of pulse shaper dimensions on the incident pulse profile.
Guideline one: for a material with high strain hardening and high yield strength (e.g.,
LDX 2101 and LDX 2404), a pulse shaper with a large diameter (d ≥ 0.5 × the bar
diameter) is utilized when testing the material at high strain rates (>2000 s-1) to allow
stage two to start at a high stress. Guideline 2: for a material with high strain hardening
and low yield strength (e.g., 316L austenitic stainless steel), a pulse shaper with a small
diameter (d < 0.5 × the bar diameter) is used when testing the material at high strain rates
(>2000 s-1). This makes the transition from stages one to two occurs at a lower stress
level. The initial pulse shaper thickness is set to 1.0 mm. Appendix A.3 shows three
different example cases and how the pulse shaper dimensions should be modified based
on the profile of the reflected pulse.

Fig.3.21 Flow chart of the pulse shaper design procedure.
ANSYS®/LS-Dyna and LS-PrePost® software were used for all modeling efforts
in this work. The bars, pulse shaper, and sample were modeled using a 2D-axisymmetric
model, resulting in an average simulation time of about 13 min. Plane162 elements with
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a full integration point were used to eliminate the hour glass energy effect [26,27].
Various mesh sizes were used for the SHPB parts, and final element sizes were chosen
after a mash convergence analysis (h-method) [28]. An element size of 0.08 mm was
selected for the pulse shaper, 0.2 mm for the sample, bars/sample, and bars/pulse shaper
interfaces, and a 6 mm element size for the rest of the system. An elastic material model
was used for all bars, and the Johnson-Cook (JC) constitutive model (Eq.3.9) was utilized
for the sample and the pulse shaper [29]:
𝜎𝑓 = (𝐴𝑦 + 𝐵𝜀𝑝𝑛 )(1 + 𝐶𝑙𝑛𝜀̇ ∗ )

Eq. 3.9

where Ay is the yield stress, B is the coefficient of the strain hardening, n is the strainhardening exponent, 𝜀𝑝 is the plastic strain, C is a material constant that represents the
coefficient of strain rate hardening, and 𝜀̇ ∗ = 𝜀̇⁄𝜀̇ (where 𝜀̇𝑜 is the reference strain rate).
𝑜

The JC model parameters of the pulse shaper and the sample materials were defined by
testing the materials at room temperature under quasi-static and dynamic loading
conditions using the conventional SHPB technique as a first step in the suggested
approach as shown in Fig.3.21. For the conventional SHPB, materials were tested at three
conditions (low, intermediate, and high strain rates). Ay, B, and n parameters of the JC
model were determined from the quasi-static results, while the C parameter was
determined using both the quasi-static and SHPB results. The C parameter was defined
using the 2-wave analysis and the experimental strain rate data without taking an average
value to check the validity of the model parameters at non-uniform strain rates. The JC
parameters for the materials used in the FE framework were determined by adopting the
procedure reported by Samantaray et al.[30], and the results are presented in Table 3.5.

Table 3.5 Johnson-Cook model parameters of the tested materials.
Material

A (MPa)

B (MPa)

n

C

LDX 2101

410

650

0.20

0.065

LDX 2404

502

708

0.23

0.071

Examining the Effectiveness of Using LDX 2101 as a Pulse Shaper

In this section, testing LDX 2101 using the suggested method is presented. Results
for testing LDX 2404 are presented in Appendix A.4. The suitability of LDX 2101 as a
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pulse shaper for testing the same material was determined at two strain rates by varying
the impact conditions: Vimp = 12.6 m/s and lsk =228.6 mm, and Vimp = 33.6 m/s and lsk
=304.8 mm. The LDX 2101 pulse shaper satisfied SHPB testing requirements of a
constant strain rate and force equilibrium compared to classical SHPB testing as seen in
Fig.3.22 and Fig.3.23. For the low impact velocity test (Fig.3.22), the variation in the
yield stress value, based on the 1-wave and the 2-wave analyses, was reduced from about
31% to approximately 7% by using a pulse shaper. For the high impact velocity test
(Fig.3.23), using a pulse shaper reduced this variation from around 97% to 2%.
Furthermore, the overall variation in the strain rate was reduced when pulse shapers were
used from 900 s-1 to 150 s-1 for the low impact velocity test and from 4000 s-1 to 750 s-1
for the high impact velocity test. The use of pulse shapers caused insignificant energy
losses for the high impact velocity test; the reduction in the sample strain is less than 12%
(i.e., 6% strain). For low impact velocity tests, the reduction in the samples’ strain is
higher, about 25% (i.e., 2% strain). However, increasing the impact velocity to achieve
the desired strain at the low impact velocity range is not as critical as increasing the impact
velocity at the high impact velocity range where plastic deformations in the incident and
striker bars could occur.

(a)
(b)
Fig.3.22 Strain rate, 1-wave analysis, and 2- wave analysis vs. strain for LDX 2101 at
low impact velocity (a) without pulse shaper (Vimp = 12.6 m/s, and lsk =228.6 mm), and
(b) using pulse shaper (d = 7.5 mm, t= 1.0 mm, Vimp = 12.3 m/s, and lsk =228.6 mm).
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(a)
(b)
Fig.3.23 Strain rate, 1-wave analysis, and 2- wave analysis vs. strain for LDX 2101 at
high impact velocity (a) without pulse shaper (Vimp = 34.0 m/s, and lsk =304.8 mm), and
(b) using pulse shaper (d = 10.5 mm, t= 1.7 mm, Vimp = 33.6 m/s, and lsk =304.8 mm).

Most of the available studies on pulse shaping techniques have used pulse shapers
made of soft materials, such as copper, plexiglass, and combinations of copper/mild steel
[18,19,22,24,31]. The current work shows that using a single pulse shaper made of high
yield strength and significant strain-hardening material was better suited when testing
material with significant strain hardening. This is due to the capability of such a material
to mimic the transmitted pulse profile by simply changing the diameter and thickness
dimensions. Gray [12] and Chen and Song [23] reported that pulse shapers are usually
made of material having the same mechanical properties as the tested sample; however,
our results for using LDX 2101 as a pulse shaper material in testing 316L austenitic
stainless steel (Appendix A.5) indicate that using a pulse shaper made of a material with
different mechanical properties than the sample is also feasible.

3.3.7. Uniaxial Strain Testing
Uniaxial strain testing was performed via plate-impact experiments using a 70
mm diameter bore and 13 m length single-stage light gas gun (Fig.3.24). A 60 mm disk,
named flyer plate, is attached to a sabot loaded inside the gun’s reservoir that is filled
with either nitrogen or helium gas before the test. When a solenoid valve inside the
reservoir is triggered, compressed gas is released between the sabot and a gun piston,
accelerating the flyer plate assembly inside the gun bore. Upon exiting the muzzle, the
flyer plate speed is measured using a laser velocimetry system prior to impacting the
target assembly that is connected to the muzzle using plastic bolts. The impact occurs
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with less than three mrad misalignment because the target assembly is aligned with the
gun bore center using a laser alignment system before performing the test. After the
impact, the target assembly is separated from the muzzle and deaccelerated inside a soft
recovery chamber. Free surface velocity is measured from the back surface of the target
using a Photon Doppler Velocimetry (PDV) with 2.0 W laser power. The PDV signal is
recorded using a digital phosphor oscilloscopes Tektronix®-DPO7354C with 3.5 GHz
bandwidth and 40 GS/s sample rate. A MATLAB® code was used to process the signal.
During plate-impact experiments, several types of waves may exist, depending on
the tested sample geometry [32,33]. Understanding wave interactions is critical to
designing experiments appropriately. Fig.3.25 shows possible waves that generate after
an impact between a disk flyer plate and a cylindrical target. Once the impact takes place,
the target and flyer plate experience an elastic wave propagation at a longitudinal wave
speed. At the same time, a shock wave front propagates inside both of them at Us speed
as illustrated by the x-t diagram in Fig.3.26. When the shock waves arrive at the free
surfaces of the target and the flyer plate, they reflect as rarefaction waves (or release
waves). The target (sample) stays under a compressive shock condition until the
rarefaction waves release the shock condition. Additionally, radial release waves at the
circumference of the flyer plate generate after the impact, and they propagate toward the
sample and edges of the target as shown in Fig.3.25. Waves reflected from the target
edges toward the center are known as edge waves. The edge waves are typically not as
critical as the radial release waves that reach the sample first and could disrupt the uniaxial
strain condition that is aimed to achieve during plate-impact experiments.
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Fig.3.24 Single-stage light gas gun and the related parts for the plate-impact experiment.
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Fig.3.25 Possible types of stress waves generated during the plate-impact test.

Fig.3.26 A typical x-t diagram for plate-impact experiments.
The shock wave front represents a stress discontinuity inside the material.
Material properties in front of the shock wave front are different from the properties
behind it. Equations of conservation of mass (Eq.3.10), momentum (Eq.3.11), and energy
(Eq.3.12), named Rankine-Hugoniot equations, are used to represent the relationships
between the material states on both sides of the shock wave front [10,11]:
𝜌𝑜 Us = 𝜌1 (Us – Up1)

Eq.3.10

P1 = 𝜌𝑜 UsUp1

Eq.3.11
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1

E1 – Eo = 2 P1 (Vo – V1)

Eq.3.12

where subscripts 1 and o represent the states of material in front of the shock wave front
and behind it, respectively, Us is the speed of the shock front, Up is the velocity of material
particles behind the shock front in the compressed region, P is the pressure, E is the
internal energy (temperature), and V is the specific volume [10]. To solve RankineHugoniot equations, Hugoniot equations are used. They represent a group of equations
between the variables in Eq.3.10, Eq.3.11, and Eq.3.12, and they are defined
experimentally. The most common Hugoniot equations are the relationships between UsUp (Eq.3.13), P-V, and P-Up [11].
Us = co + SUp1

Eq.3.13

where co and S are empirical constants defined from Us-Up1 diagram that is defined
4

experimentally; co has an equivalent value to the bulk sound speed (co = √𝐶𝑙 2 − 3 𝐶𝑠 2 )
in metals [11]. The S value for LDX 2101 and LDX 2404 was taken as 1.49, based on the
results reported for the austenitic stainless 304 in Ref. [11]. It is worth noting that the
state of shocked materials upon the arrival of the shock front changes instantaneously
along the Rayleigh line rather than changing gradually along the Hugoniot curve as shown
in the P-V diagram in Fig.3.27 [11].

Fig.3.27 Hugoniot curve and Rayleigh line.

Many studies have elucidated the effects of radial release waves during impact
experiments; these waves can disrupt the uniaxial strain condition and compress the
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sample, causing significant changes in the microstructure [34–36]. Johnes [37] and Gray
III et al. [38] explained the loading cycle for a solid material during uniaxial strain loading
(Fig.3.28). Upon the impact, the tested material experiences an elastic loading (AH),
where point H represents the Hugoniot Elastic Limit (HEL). After that, the propagation
of a shock front results in a uniaxial strain condition causing an instantaneous change in
the material state along the Rayleigh line to point B. When the rarefaction waves arrive,
unloading occurs along BCD, leaving the tested material with a residual uniaxial strain.
When the radial release waves from the flyer plate circumference reach the sample during
the testing period, the unloading path could change to BCE, leading to more uniaxial
strain. Also, the late arrival of the radial release wave after plastic unloading (CD) might
cause more reduction in the sample thickness by increasing the uniaxial strain from point
D to point E or even a higher level of uniaxial strain.

Fig.3.28 Loading cycle for a solid material during uniaxial strain shock deformation
[37].
To prevent/mitigate the effects of radial release waves, momentum trap rings are
used [34–36]. The momentum rings are designed based on the approach suggested by
Orava and Wittman [39]. The width of the ring (w) is estimated using Eq.3.14; this
equation suggests that the width of the ring should be large enough to trap the radial
release waves.
𝑇

𝑇

𝑇

𝑇

𝑤 ≥ (𝑈𝑓 + 𝐶 𝑓 + 𝐶 𝑐 + 𝐶 𝑡 ) × 𝐶𝑙𝑡
𝑠

𝑜𝑓

𝑜𝑐

𝑜𝑡

Eq.3.14
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where Tf, Tc, Tt, Us, cof, coc, cot, and clt are the thickness of the flyer plate, thickness of the
cover plate, thickness of the target, shock wave speed, bulk sound speed in the flyer plate
material, bulk sound speed in the cover plate material, bulk sound speed in the target
material, and longitudinal sound speed in the ring material, respectively. The above
equation assumes that the rings are made from the same material of the target.
The experimental design of the target assembly is the key factor in determining
whether the sample experiences a compressive shock wave followed by release waves
only or a compressive shock wave, release waves, and then spallation. Spallation (spall)
happens due to the interactions of the rarefaction waves that arrive from the free surfaces
of the flyer plate and the target. Fig.3.29 shows an example of the free surface velocity
profile obtained during a plate-impact experiment; six loading stages (numbered 1 to 6)
can be recognized from this profile. Stage 1 represents the elastic loading, and stage 2 is
the plastic loading; the transition between these stages represents the Hugoniot Elastic
Limit (HEL), and 𝜎𝐻𝐸𝐿 is determined by Eq.3.15 [40]:
1

𝜎𝐻𝐸𝐿 = 𝜌𝑜 𝑐𝑙 𝑢𝐻𝐸𝐿

Eq.3.15

2

where 𝑢𝐻𝐸𝐿 is the free surface velocity at the elastic-plastic transition. Stage 3 is the shock
state and could have two possible profiles, either flat (when the tested material
experiences a uniform deformation during the shock condition) or non-flat (when the
material deformed non-uniformly) [41]. The duration of stage 3 represents the pulse
duration. To define the stress value at this stage, which is the peak compressive stress, the
impact velocity (Vimp) and conservation of momentum and Hugoniot (Us-Up) equations
for both flyer plate and target are used. Solving these equations with considering the
particle velocities of the flyer plate and the target are in equilibrium, the peak compressive
stress (𝜎𝑝𝑒𝑎𝑘 ) for a symmetric impact is determined by Eq.3.16:
𝑆 V𝑖𝑚𝑝

𝜎𝑝𝑒𝑎𝑘 = 𝜌𝑜 (𝑐𝑜 + 2

2

)

V𝑖𝑚𝑝
2

Eq.3.16

Stage 4 starts upon the arrival of rarefaction waves from the free surface of the
flyer plate. The slope of the stage 4 curve represents the tensile strain (release) rate as
explained by Eq.3.17 [42]:

𝜀̇ ≅

1 𝑑𝑢
2𝑐𝑜 𝑑𝑡

Eq.3.17
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where du/dt is the slope of the stage 4 curve. Stage 5, pull-back minima, is the spallation
signature and the spall strength (𝜎𝑠𝑝𝑎𝑙𝑙 ) is estimated using Eq.3.18 [41–43]:
𝑐

𝜎𝑠𝑝𝑎𝑙𝑙 = 𝜌𝑜 𝑐𝑙 ∆𝑢 (1+ 𝑐 𝑙 )−1
𝑜

Eq.3.18

where ∆𝑢 = 𝑢𝑚𝑎𝑥 − 𝑢𝑚𝑖𝑛 , 𝑢𝑚𝑎𝑥 , and 𝑢𝑚𝑖𝑛 are the free surface velocities at the peak state
and the minima, respectively. Stage 6 represents spall damage development (voids growth
and coalescence) [42–44].

Fig.3.29 A typical free surface velocity profile during plate-impact experiments
indicating six loading stages. Labelled times are related to the time periods shown in
Fig.3.26.

If the tested sample is subjected to all loading stages in Fig.3.29, the test represents
a spall experiment. Alternatively, subjecting the tested sample to loading stages 1 to 4 is
considered as a shock-compression experiment.
A. Spall Experiments

Fig.3.30 shows the initial configuration for spall experiments used in this study.
The flyer plate thickness was designed to be half the thickness of the target in order to
develop a centralized spall plane within the samples. The target holder contains samples
and momentum trap rings. The samples and the inner ring were tapered with a 7o angle
to facilitate releasing the sample from the target assembly after the impact. The samples,
rings, and target holder were assembled using a universal testing machine by applying a
compressive force of around 2.5 kN. Tolerances for all assembled parts were interference
fits/locational interference. Prior to assembly, all parts were lubricated with molybdenum
disulfide lubricant (MoS2) to facilitate in-situ separation of the samples and to remove
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any air voids. After assembling all parts, the target assembly was machined down to the
final thickness with a tolerance for the faces’ parallelism of about 1.0 mrad. Based on
Eq.3.14, the largest width for the momentum trap ring was estimated to be ⁓7.80 mm
based on a maximum desired impact velocity of 500 m/s. Two rings were implemented
to provide extra protection as suggested by Escobedo et al. [42]; the inner ring and the
outer rings had a width of 4.0 mm. The sample without rings (sample 1 in Fig.3.30) was
placed 8 mm from the circumference of the flyer plate (red-dash circle) to compare the
effectiveness of using the target holder as a momentum trap ring. PDV laser probes were
placed 2.0 mm away from the back surfaces of the samples.

Fig.3.30 Experimental configuration used for soft recovery of spall experiments.
Fig.3.31 shows the free surface velocity profiles of LDX 2404 samples tested at
255 m/s (test 1) and 470 m/s (test 2). It is clear that there are no effects for the momentum
trap rings on the velocity profiles.

Fig.3.31 Free surface velocities of LDX 2404 samples.
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Fig.3.32 shows optical images processed using Image J® software for the
diametral plane of the recovered samples. There is a difference in the damage content
from using momentum trap rings. This indicates clearly that radial release waves
influence take place after the occurrence of spall damage. Samples without rings contain
less damage than those with rings, and this is attributed to the effects of radial release
waves, which can compress the sample during shock experiments [38]. Thus, using
momentum trap rings does not affect the determination of the spall strength; however,
their use is crucial for an appropriate examination of the damage in recovered samples.
Also, using the target holder only to trap the radial release waves is not adequate as shown
in the samples without rings in Fig.3.32.
The indention marks at the back surface of the recovered samples noted by the red
arrows resulted from impacting the samples with the PDV probes. This impact clearly
affects the spall damage; spall voids/cracks in front of the impact area are closed as
marked by the yellow arrows and the magnified image for test 2 with rings in Fig.3.32.
Therefore, the test configuration was modified by using sample 1 as a sacrificial sample
to obtain the free surface velocity and sample 2 for microstructural examinations without
placing a PDV probe behind it, as shown in Fig.3.33 (a). Also, the PDV probes holder
was drilled behind sample 2 for all tests, as shown in Fig.3.33 (b), to avoid any possible
damage that might occur due to the impact between the sample and the holder.
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Fig.3.32 Processed optical images for the recovered samples of LDX 2404 with and
without momentum trap rings.

(a)
(b)
Fig.3.33 (a) The used configuration for spall experiments, and (b) modification in the
PDV probes holder.
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B. Shock-Compression Experiments

Fig.3.34 shows the configuration for shock-compression experiments used in
this study. This design is based on Refs. [33,45,46] and the modified spall design
illustrated in the previous section. The assembly process, tapered angles, and machining
procedures are similar to the spall experiments configuration. In this design, two samples
were used; sample 2 underwent shock loading and release only. However, sample 1 was
used to obtain the free surface velocity to assess peak stress. For sample 2, a thin cover
plate was placed in front to mitigate the effects of shear stresses, which are resulted due
to the unconstrained expansion of the flyer plate during the impact [38]. These radial
stresses could cause an increase in the hardness of the sample impact face [33]. Also,
spall plates were used to accommodate tensile stresses that occur due to the interaction of
rarefaction waves. This ensured that sample 2 only experiences shock and release waves.
The thickness of the spall plates (h) was designed based on Eq.3.19, which was suggested
by Norman and Wittman [39] for symmetric impacts.
ℎ≥

𝑐𝑙
𝑐𝑜

𝑈𝑠 +𝑐𝑜

[(

𝑈𝑠 +𝑐𝑙

𝑈𝑠 −𝑐𝑜

) 𝑇𝑓 + (

𝑈𝑠 +𝑐𝑙

) 𝑇𝑡 ]

Eq.3.19

Using Eq.3.19 for the maximum impact velocity performed in this study (⁓1000
m/s), a spall plate with ⁓3.2 mm thickness is required. For all the shock-compression
experiments in this study, two spall plates were used with a total thickness of 4 mm. The
use of multiple spall plates was found to be more effective in trapping the rarefaction
waves compared to a single spall plate as demonstrated in Ref. [33]. Furthermore, using
two spall plates instead of many thin plates was done to make sure that the spall plate has
enough thickness to trap the rarefaction waves and accommodate the spallation as
explained in Ref. [45].
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Fig.3.34 Experimental configuration used for soft recovery of shock experiments.

The recovery capsule (Fig.3.34) around the main sample was used to protect the
sample from undesired contact with the momentum trap ring that causes deformation
localization and disruption to the uniaxial strain state [45]. Moreover, it provides extra
protection against the rarefaction waves [45]. Momentum trap rings, on the other hand,
were limited to the recovery capsule, inner ring, and outer ring (the target holder) because
using multiple rings with multiple interfaces could cause more damage than the radial
release waves as demonstrated by Bourne and Gray III [33]. The width of the momentum
trap ring (i.e., inner ring) was chosen to be 8.0 mm based on the maximum impact velocity
in this study (⁓1000 m/s).

3.4. Summary
This chapter presented manufacturing details, initial EBSD characterization, and
acoustical properties of the studied alloys, Lean Duplex Stainless Steel 2101 and 2404
(LDX 2101 and LDX 2404). Also, the equipment used in this study and modifications of
SHPB testing and the plate-impact experiment were presented. The main conclusions are:
-

Both alloys have equal area fractions of austenite and ferrite phases with a
pancake structure.
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Only the ferrite phase of the tested materials shows strong crystallographic
textures: rotated cube texture {001}<110> in LDX 2101 and rotated Goss
{110}<110> texture in LDX 2404.

-

The average grain size of LDX 2404 is about three times smaller than that of
LDX 2101. The austenite phase in both alloys has a smaller grain size than the
ferrite phase.

-

The austenite phase in both alloys contains a considerable fraction of twins
(Σ3 and Σ9). The ferrite phase in both alloys contains deformation-induced
substructures characterized as LAGBs.

-

Testing the studied materials using SHPB requires shaping the incident profile
to achieve a valid test.

-

Usage of LDX 2101 as a pulse shaper for testing LDX 2101 and LDX 2404
can satisfy the requirements of valid SHPB tests.

-

Spall strength is not affected by the radial release waves, but the spall damage
is affected.

-

Using a sacrificial sample to obtain the free surface velocity is found to be
essential during the plate impact experiment to avoid damaging the recovered
sample after leaving the target holder by impacting the laser probe behind it.
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4. Compressive Quasi-static Loading
(Plastic Anisotropy) *
4.1. Introduction
The previous chapter defined the initial microstructure of the studied alloys. In
this chapter, the mechanical anisotropy of Lean Duplex Stainless Steel 2101 and 2404
(LDX 2101 and LDX 2404) is assessed and discussed.
Mechanical properties (e.g., yield stress, ultimate tensile strength, and fatigue
behavior) of standard Duplex Stainless Steels (DSSs) are higher along the Transverse
Direction (TD) than those along the Rolling Direction (RD) because of ferrite phase
texture [1–3]. However, the influence of load/strain partitioning, austenite phase
transformation, grain shape, and phase boundaries morphology on the mechanical
anisotropy of DSSs remains unexplained. Also, only a limited number of studies have
explored the mechanical anisotropy of LDXs with their main focus on tensile properties
[4].
This chapter examines the mechanical anisotropy of LDX 2101 and LDX 2404
under quasi-static compressive loading along the RD and TD. Microscopic examinations
were conducted using Electron Backscatter Diffraction (EBSD) to understand
deformation-induced strain fields within both phases. Micro-hardness testing was also
conducted to correlate the flow stress with the EBSD results. Such a study is essential for
designing engineering components safely and economically. For instance, significant

*

This chapter is based on the following papers:
-

Ameri, A. et al. (2019) “Effects of load partitioning and texture on the plastic
anisotropy of duplex stainless steel alloys under quasi-static loading conditions”
Materials Science and Engineering: A. Elsevier B.V., 752(March), pp. 24–35. doi:
10.1016/j.msea.2019.02.090.

-

Ameri, A. A. H. et al. (2017) “Investigating the Anisotropic Behaviour of Lean Duplex
Stainless Steel 2101” in Ikhmayies, S. et al. (eds) Characterization of Minerals,
Metals, and Materials. Sp, pp. 181–190. doi: 10.1007/978-3-319-51382-9_20.
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mechanical anisotropy can cause undesired earing defects during the deep drawing
process, which requires extra cost to fix [5].

4.2. Materials and Methods
Cylindrical samples were machined from as-received plates with their
compression axis parallel to the RD and TD. The LDX 2101 samples were 7.5 mm in
diameter and length, while the LDX 2404 samples were 5 mm in diameter and length.
Room temperature testing was conducted at a quasi-static strain rate of 10-3 s-1 using a
universal testing machine (AG-X Shimadzu®). Three tests were conducted for each
condition for reproducibility.
Deformed samples were sectioned into two halves and prepared for
microstructural examinations using the procedures presented in Chapter Three. Kernel
Average Misorientation (KAM) measurements, which are determined from EBSD data,
were used to study plastic deformation within each phase. KAM represents the
misorientation angle between a point and a specific number of neighboring points within
each grain [6]. In this chapter, KAM measurements were determined for the fifth
neighboring point with a maximum misorientation angle of 5o.

4.3. Results and Discussions
4.3.1. Assessing Microstructural Anisotropy in As-received Materials
As explained in Chapter Three, the austenite (FCC-γ) of both LDX 2101 and LDX
2404 shows a weak texture, whereas the ferrite (BCC-α) has a relatively strong texture in
both materials. It is characterized as a rotated Cube texture {001}<110> in LDX 2101
and rotated Goss texture {110}<110> in LDX 2404. To understand the texture effects on
the mechanical properties, the Taylor Factor (TF) was calculated for loading directions
parallel to the reference directions. TF represents the ratio between the yield stress and
the critical resolved shear stress in polycrystalline materials [7]. Fig.4.1 shows the TF for
materials calculated from at least three EBSD maps for each reference plane. The TF of
the austenite is approximately 3.06 for both materials regardless of the loading direction.
Similarly, the ferrite of LDX 2101 has almost the same TF for the RD, Normal Direction
(ND), and TD, which is about 2.75. In contrast, the TF of the LDX 2404 ferrite (Fig.4.1
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(b)) is directional dependent: it is about 2.86 for the ND, 2.80 for the TD, and 2.67 for the
RD. These results agree with the texture calculations in Chapter Three, where the ferrite
of LDX 2404 has the strongest texture.

(a)
(b)
Fig.4.1 Taylor factor for different loading directions of the austenite and ferrite
phases (a) LDX 2101, and (b) LDX 2404.

Another factor that could cause mechanical anisotropy is the distribution of the
phase boundaries because they affect the movement and pile-up of dislocations [8]. The
density of phase boundaries in a given reference plane was quantified by measuring the
length of phase boundaries in a unit area of the EBSD map. The data for both materials
are summarized in Table 4.1. The phase boundaries density in LDX 2404 is almost twice
that of LDX 2101 for all reference planes. Because of the typical pancake shape of the
rolled structures, the ND plane has the smallest phase boundaries density, whereas the
RD plane has the largest.

Table 4.1 The density of ferrite/austenite phase boundaries in three reference
cross-sections.
Material

LDX 2101

LDX 2404

Plane

ND

TD

RD

ND

TD

RD

Phase boundaries lengths (mm)

43.40

81.70

98.70

40.70

79.20

87.10

Scanned area (mm2)

0.64

0.64

0.64

0.30

0.30

0.30

Density of phase boundaries

68.25

127.66

154.22

136.71

265.64

292.84

(mm/mm2)
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4.3.2. Mechanical Responses
The average compressive stress-strain diagrams of both materials at a strain rate
of 10-3 s-1 are shown in Fig.4.2; the average stress values at different strain levels are
tabulated in Table 4.2. LDX 2404 has higher flow stress than LDX 2101 for the complete
range of strains; however, the difference between the materials flow stresses varies with
strain. It reduces from about 14% at true strain (ɛt) = 0.02 to 2% at ɛt = 0.5 for samples
loaded along the RD, and it varies from about 16% at ɛt = 0.02 to 6% at ɛt = 0.5 for samples
loaded along the TD. This reduction results from the difference in the deformation
mechanisms of the tested materials with plastic strain as explained in the following
sections.

Fig.4.2 True stress-strain diagrams for different loading directions of LDX 2101 and
LDX 2404, each curve represents the average of three tests.
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Table 4.2 True stress values of LDX 2404 and LDX 2101 at different true strain levels
for different loading directions, each value represents the average of three tests and
uncertainties represent the standard deviation.
LDX 2404

LDX 2101

RD

TD

RD

TD

Average stress

Average stress

Average stress

Average stress

(MPa)

(MPa)

(MPa)

(MPa)

0.2%

575.3 ± 1.5

639.7 ± 0.3

505.2 ± 2.3

552.7 ± 0.7

5.0%

706.0 ± 2.3

806.0 ± 0.6

657.2 ± 0.9

691.0 ± 2.1

10.0%

856.0 ± 2.1

908.3 ± 0.9

759.0 ± 1.5

792.7 ± 2.6

15.0%

943.0 ± 1.7

999.3 ± 1.5

848.2 ± 1.6

878.0 ± 3.2

20.0%

1020.7 ± 1.2

1073.0 ± 2.1

929.6 ± 3.2

951.3 ± 3.2

25.0%

1092.7 ± 2.7

1135.7 ± 2.3

1006.0 ± 2.4

1016.7 ± 3.3

30.0%

1154.0 ± 2.4

1186.0 ± 3.3

1076.4 ± 3.2

1073 ± 3.8

35.0%

1209.0 ± 1.6

1227.5 ± 3.7

1141.8 ± 3.8

1124.7 ± 3.3

40.0%

1252.5 ± 2.0

1261.5 ± 4.5

1198.6 ± 5.4

1169.3 ± 2.8

45.0%

1291.0 ± 2.4

1287.5 ± 4.5

1250.2 ± 6.0

1207.3 ± 4.3

50.0%

1319.5 ± 2.0

1311.5 ± 4.5

1293.4 ± 6.7

1242.7 ± 2.9

Strain

The grain size and content of alloying elements could be the reasons for the higher
yield and flow stresses of LDX 2404 compared to those of LDX 2101. The grain size of
LDX 2404 is about three times smaller than LDX 2101 for both phases as presented in
Chapter Three. Based on the Hall-Petch relationship [9,10], grain size is inversely
proportional to flow stress. A smaller grain size leads to more grain boundaries, which
work as barriers to dislocation motion. For alloying elements, LDX 2404 has a higher
content of Cr, Ni, N, and Mo and a lower content of Mn compared to LDX 2101 as
explained in Chapter Three. Based on solid solution strengthening mechanisms [11], the
contribution of Mo and N to increasing the flow stress is significantly higher than the
contribution of Mn. It has been reported that a small increase in the N content of DSSs
can cause a considerable increase in yield stress, tensile strength, and ductility [12]. On
the other hand, the influence of changing Mn content on the mechanical properties is
insignificant [13]. As a result, the higher content of Cr, Ni, N, and Mo in LDX 2404
should also contribute to an increase in the flow stress.
The mechanical responses of both alloys are anisotropic. As shown in Fig.4.2, the
flow stress of samples loaded along the TD is the highest for true strains that are less than
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30% in LDX 2101 and 45% for LDX 2404. The difference in the proof stress (flow stress
at 0.2% strain) between samples loaded along the TD and RD exceeds ⁓10% in both
materials, which is significant because the typical difference in mechanical response
along the reference directions for commercial steels is usually less than 5% [1].
Furthermore, the shape of the deformed samples is also affected by this anisotropy; the
initial circular cross-section shifted to an elliptical cross-section as shown in Fig.4.3.

(a)
(b)
Fig.4.3 Deformed samples loaded along the TD and RD (a) LDX 2101, and (b) LDX
2404.
Correlating this anisotropy to the microstructure is not straightforward. Many
studies [1,3,4,8,14,15] linked the mechanical anisotropy of DSSs to the ferrite texture that
leads to a higher TF for samples loaded along the TD compared to other reference
directions. This study does not apply this reasoning because the TF of the ferrite phase of
LDX 2101 for all directions is almost constant, as shown in Fig.4.1 (a), which is about
2.75. Furthermore, the difference between the flow stresses of the samples loaded along
the TD and RD decreases with strain increase, and the flow stress along the RD starts to
be the highest for ɛt ≥ 30% in LDX 2101 and ɛt ≥ 45% in LDX 2404. This indicates that
other factors contribute to this observed response.

4.3.3. Micro-hardness Measurements and Microstructural Examinations
Load partitioning between the constitutive phases could be a reason for this
anisotropy. It results because of the differences in the mechanical behaviors of austenite
and ferrite. Micro-hardness measurements indicate that austenite is harder than ferrite.
The Vickers hardness (Hv) of austenite is about 355 ± 4 in LDX 2101 and 354 ± 5 in
LDX 2404, while the hardness of ferrite is considerably less, about 256 ± 4 in LDX 2101
and 274 ± 5 in LDX2404. This variation in the mechanical behavior causes a difference
in their capability to accommodate plastic deformation and their contribution to the bulk
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response. Liu et al. [16] reported that the ferrite phase in LDX 2101 during hot
deformation accommodates most of the plastic deformation at low strain levels. Then,
deformation starts transferring to the austenite phase through phase boundaries to satisfy
strain continuity. To understand load partitioning in the studied alloys, EBSD scans and
micro-hardness measurements were performed on the deformed samples at different
strains. EBSD scans were used to compare plastic deformation between the constitutive
phases, and micro-hardness measurements were utilized to assess the variation in the
phases’ hardness due to plastic deformation.

A. LDX 2101 Samples

Phase maps of the LDX 2101 samples tested along the RD and TD to different
strain levels are shown in Figs.4.4 (a) to (c). Samples loaded along both directions
experienced phase transformations within the austenite phase, which transformed to
martensite

phases

(Hexagonal

Close

Packed

(HCP)

martensite

and

Body

Centered Tetragonal structure (BCT) martensite). In Fig.4.4, BCT-martensite is not
assigned a unique color as EBSD cannot differentiate this phase from ferrite due to their
almost identical lattice parameters [6]. However, BCT-martensite can be differentiated
using Image Quality (IQ) or Band Contrast (BC). In IQ and BC mapping, BCT-martensite
appears darker than BCC ferrite. This differentiation is possible because the former phase
that results from austenitic transformation contains more deformation than ferrite [6].
Fig.4.4 (e) shows an EBSD phase map combined with the associated IQ map for the area
marked by the black rectangle in Fig.4.4 (b), whereby BCT-martensite appears darker
than ferrite and is located in the vicinity of HCP-martensite. Figs.4.4 (c) and (d) show
that austenite transforms to HCP-martensite at high deformation levels. This process
differs from the reported transformation in DSSs, where HCP-martensite transfers
entirely to BCT-martensite at high levels of deformation [6]. In other words, HCPmartensite acts as a transition phase between the austenite and BCT-martensite phases.
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(a)

(c)

(b)

(d)

(e)
Fig.4.4 Phase maps of LDX 2101 deformed samples (a) loading along the RD to ɛt
=⁓25%, (b) loading along the TD to ɛt =⁓ 25%, (c) loading along the RD to ɛt =⁓ 50%,
(d) loading along TD to ɛt = ⁓50%, and (e) magnified phase map combined with IQ map
for the area marked in (b) showing all four phases.

KAM diagrams for the austenite and BCC phases (the ferrite and BCT-martensite
phases) of the LDX 2101 samples loaded along the RD and TD are shown in Fig.4.5. By
comparing the KAM increase of each phase between samples tested to ɛt =⁓25%, both
phases of samples loaded along the RD experience the highest deformation. On the other
hand, comparing the deformation increase of the austenite phase with that of the BCC
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phases for each loading direction shows that the KAM increase of the FCC phase is
significantly higher in both directions for samples tested to ⁓25% strain. This indicates
that austenite accommodated more deformation than both ferrite and BCT-martensite.
Furthermore, the austenite phase experienced additional deformation via the formation of
martensitic phases, which is not considered in the calculations of KAM. As a result,
deformation at low strain (⁓25%) is mainly concentrated within the austenite, and this
deformation has many modes: localized plastic deformation expressed by the KAM and
phase transformations.

(a)

(b)

(c)
(d)
Fig.4.5 KAM diagrams for the LDX 2101 samples (a) BCC phases loading along the
RD, (b) BCC phases loading along the TD, (c) FCC phase loading along the RD, and
(d) FCC phase loading along the TD. BCC phases represent ferrite and BCT-martensite;
FCC phase represents austenite.

Although samples loaded along the RD experienced more deformation than those
loaded along the TD for both phases, concentrating the deformation within the austenite
could be one of the reasons for the mechanical anisotropy in LDX2101 at the low strain
levels. For samples loaded along the TD, the effective grain size that affects the
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movement of dislocations is represented by the average grain size on planes RD and ND
as shown in Fig.4.6. The average diameter of austenite’s grains in these planes is ⁓22 µm.
For samples loaded along the RD, the austenite average grain size was determined to be
⁓31 µm from the TD and ND planes. Hence, samples loaded along the TD should have a
higher flow stress at early stage of deformation compared with samples loaded along the
RD due to the grain shape factor [17]; these results agree with the results shown in Fig.4.2
(a).

Fig.4.6 Representation of the effective planes that governed grain size calculations for
samples loaded along the RD and TD.

Moreover, the ferrite/austenite phase boundaries could contribute to this
anisotropy. Samples tested along the RD are affected by the phase boundaries in planes
TD and ND, while the phase boundaries of planes RD and ND influence samples tested
along the TD. For the latter samples, the average density of the phase boundaries, based
on the results shown in Table 4.1, is 111 mm/mm2 and 98 mm/mm2 for samples tested
along the RD. A higher density of the ferrite/austenite phase boundaries could be another
factor contributing to increasing the flow stress along the TD. This is because the
ferrite/austenite phase boundaries are strong barriers for the movement of dislocations of
ferrite compared with the ferrite/ferrite grain boundaries. Fig.4.7 shows an example for
micro-indentations inside a ferrite grain in the vicinity of the ferrite/ferrite grain
boundaries and ferrite/austenite phase boundaries. It was estimated that the hardness of
ferrite increases by about 12% when the indentations are performed next to the phase
boundaries. These results agree with those reported by Moverare and Odèn [8].
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Fig.4.7 Micro-indentations inside a ferrite grain close to the ferrite/ferrite grain
boundaries and the ferrite/austenite phase boundaries.
For the higher strain level (ɛt =⁓ 50%), the trend of KAM (Fig.4.5) varies
significantly between the two loading directions. Samples loaded along the TD
experience an increase in the plastic deformation (KAM) for both FCC and BCC phases;
this increase is comparable for both phases. Hence, both BCC and FCC phases share
deformation at high strain levels. Samples loaded along the RD show a different response;
the localized deformation within both FCC and BCC phases are close to the earlier stage
of deformation. The existence of HCP-martensite at this stage could have a role in this
response. Accommodating plastic deformation by the martensite phases is a possible
scenario in stainless steel alloys, as explained in many studies [6,18–20]. Martensite can
enhance the mechanical properties considerably because of its high hardness compared
with the parent austenite.
Misorientation diagrams of the HCP-martensite grain boundaries for samples
tested along the RD and TD to ⁓50% strain are shown in Fig.4.8. Samples loaded along
the RD have a higher density of Low Angle Grain Boundaries (LAGBs), that is, grain
boundaries with misorientation angles less than 15o. This reflects a higher plastic
deformation within the HCP-martensite of samples loaded along the RD. Concentrating
deformation within HCP-martensite could be the reason for reducing the difference in the
flow stress between the RD and TD and making the flow stress along the RD the highest
for ɛt > 30%, as shown in Fig.4.2(a).
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Fig.4.8 Misorientation diagrams of the HCP-martensite grain boundaries for samples
tested along the RD and TD to ɛt =⁓ 50%.

Fig.4.9 shows hardness changes with strain for all phases of samples tested along
the RD and TD. Hardness measurements of the martensite include both the HCP and BCT
phases because measurements were done using optical images where differentiating these
phases is not possible. The hardness increase of the austenite phase in both directions is
significantly higher than that of the ferrite phase. This is because austenite experiences
more deformation in both loading directions for the samples tested to ɛt =⁓25%, as shown
in Fig.4.5. Samples tested along the RD to ⁓50% strain do not experience further hardness
increase in both phases, as shown in Figs.4.5 (a) and (c). This is due to the localization of
deformation within the HCP-martensite phase, as explained in Fig.4.8. The hardness of
the austenite for samples loaded along the TD keeps increasing to reach the same hardness
of that tested along the RD due to the further deformation between ⁓25% and ⁓50% strain
as explained in Fig.4.5 (d). For the ferrite phase, the increase in the hardness between
⁓25% and ⁓50% strain is about 30% for samples tested along the TD. The increase in the
martensite hardness between ⁓25% and ⁓50% strain for samples tested along the RD is
higher than those tested along the TD. This is because the HCP-martensite primarily
accommodates deformation in samples tested along the RD, whereas the BCC phases (the
BCT-martensite and ferrite phases) do not experience deformation to the same extent as
demonstrated in Fig.4.5 (a). Thus, micro-hardness measurements agree with plastic
deformation evolution in explaining the anisotropic response of LDX 2101.
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Fig.4.9 Micro-hardness vs. true strain for the ferrite, austenite, and martensite phases for
the LDX 2101 samples tested along the RD and TD.

B. LDX 2404 Samples

Fig.4.10 shows phase maps for the LDX 2404 samples tested along the RD and
TD to different strain levels. These maps show that the austenite of LDX 2404 is more
stable than that of LDX 2101. No phase transformation is observed for all strain levels
and both loading directions.

(a)
(b)
Fig.4.10 Phase maps of LDX 2404 deformed samples (a) loading along the RD to ɛt
=⁓25%, (b) loading along the TD to ɛt =⁓ 25%.
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(c)
(d)
Fig.4.10 (continued) (c) loading along the RD to ɛt =⁓ 50%, and (d) loading along TD to
ɛt = ⁓50%.

Fig.4.11 shows KAM diagrams for both phases of the LDX 2404 samples loaded
along the RD and TD. The KAM of the ferrite phase in both loading directions is similar
for both deformation levels with a slight increase in samples loaded along the TD. The
austenite phase, on the other hand, experiences the same level of plastic deformation for
both loading directions at the early stage of deformation. However, samples loaded along
the RD experience a significant increase in the KAM fraction between ⁓25% and ⁓50%
strain compared with their counterparts along the TD. As a result, the initial anisotropy
to ⁓25% strain could not be linked to the deformation distribution but rather to the ferrite
texture. The TF for samples loaded along the TD is the highest when compared with other
directions as shown in Fig.4.1 (b). Between ⁓25% and ⁓50% strain, concentrating plastic
deformation within the harder austenite phase for the samples loaded along the RD could
be the reason for increasing the mechanical properties along the RD, as shown in Fig.4.2
(b). Because the difference in the localized deformation of the austenite for samples
loaded along both directions is not significant, and due to the absence of the martensite
phases, the reduction in the difference between the flow stresses of samples loaded along
the RD and TD is small at high strain levels compared with LDX 2101 as shown in Table
4.2.
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(a)

(b)

(c)
(d)
Fig.4.11 KAM diagrams for the LDX 2101 samples (a) ferrite phase loading along the
RD, (b) ferrite phase loading along the TD, (c) austenite phase loading along the RD,
and (d) austenite phase loading along the TD.

The grain size effect on the tested samples of LDX 2404 is negligible because of
the similarity in the grain size between the reference planes for both phases. The average
grain size of planes RD and ND, which affects samples tested along the TD (Fig.4.6), is
10 µm for the austenite and 25 µm for the ferrite. While, the average grain size of planes
TD and ND, which influences samples tested along the RD samples, is 11 µm for the
austenite and 26 µm for the ferrite. The phase boundaries, on the other hand, could
enhance the flow stress of samples tested along TD more than RD because the density of
the ferrite/austenite phase boundaries for the latter samples is less by about 7%. Therefore,
the phase boundaries density is the second factor for this anisotropy in addition to the
crystallographic texture of the ferrite phase.
Micro-hardness measurements for the LDX 2404 samples at different deformation
levels for both loading directions are shown in Fig.4.12. The ferrite phase of samples
loaded along the TD shows a higher hardness than those tested along the RD to ⁓25%
strain. This hardness increase does not result from the effect of localized deformation
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because KAM, Figs.4.11 (a) and (b), indicates that both directions experience the same
level of plastic deformation. It could have resulted from the crystallographic texture of
the ferrite phase. At ɛt = ⁓50%, the hardness of the ferrite phase for the samples tested
along the RD increases until it slightly exceeds the hardness of the samples tested along
the TD, which do not show an increase in the hardness between ⁓25% and ⁓50% strain.
The hardness increase in the austenite for samples loaded in both directions to ⁓25%
strain is the same. This agrees with the localized deformation shown by KAM in Figs.4.11
(c) and (d). Between ⁓25% and ⁓50% strain, the hardness of the austenite phase for the
samples tested along the TD increases slightly; however, the hardness of the samples
tested along the RD increases until it exceeds the hardness of those tested along the TD.
This takes place due to the deformation concentration within the austenite phase for these
samples as shown in Fig.4.11(c).

Fig.4.12 Micro-hardness vs. true strain for the ferrite, austenite, and martensite phases
for the LDX 2101 samples tested along the RD and TD.

4.4. Summary
This chapter discussed the mechanical anisotropy and microstructural evolutions
of Lean Duplex Stainless Steels 2101 and 2404 (LDX 2101 and LDX 2404) under quasistatic compressive loading along the Rolling Direction (RD) and Transverse Direction
(TD). The main findings are:
-

Both LDX 2101 and LDX 2404 alloys show anisotropic response over the entire
tested strains. The flow stress along the TD is higher than that in the RD for true
strain < 30% in LDX 2101 and < 45% in LDX 2404.
94

Chapter 4

-

Compressive Quasi-static Loading (Plastic Anisotropy)

The ferrite/austenite phase boundary enhances the hardness of the ferrite phase
more than the ferrite grain boundary.

-

In LDX 2101, the anisotropy at low strain levels is linked with three structural
factors: a higher concentration of deformation within the austenite phase, a higher
density of phase boundaries in the RD and ND planes, and the grain shape factor.
At high strains, the main anisotropy phenomenon is confined within the HCPmartensitic phase, and this resulted from the austenite-to-martensite phase
transformation.

-

In LDX 2404, a strong ferrite texture and high phase boundary density in the RD
and ND planes make the flow stress along the TD higher than the RD. This
happens for 0-45% true strain range. At higher strains (>45%), localized
deformation within the austenite phase increases the flow stress for samples
loaded along the RD more than those tested along the TD.
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5. Strain Rate Effects on Compressive
Response*
5.1. Introduction
In Chapter Four, the mechanical anisotropy of our materials under quasi-static
loading was discussed. In the current chapter, the compressive mechanical properties of
Lean Duplex Stainless Steel 2101 and 2404 (LDX 2101 and LDX 2404) are examined
under different strain rates.
Strain rate has different effects on the mechanical properties of FCC and BCC
metals, mainly affecting the work hardening behavior of FCC metals and the yield stress
of BCC metals [1]. Also, strain rate affects the deformation mechanisms of these metals.
For example, increasing strain rate can reduce the volume fraction of austenite that
transforms to martensite in austenitic steels [2]. In ferritic steels, a strain rate increase can
activate secondary slip systems, leading to a high density of dislocations [3]. In Duplex
Stainless Steels (DSSs), strain rate effects are rather complicated because of the
coexistence of austenite and ferrite phases and the interaction between them [4].
Literature shows a limited number of studies on the mechanical responses and
microstructural changes of LDXs at different stress states. For instance, Tsuchida et al.
[5] investigated the tensile properties of LDX 2101 at different strain rates. However,
information on the microstructural evolution is limited. For LDX 2404, there are no
studies that have explored its mechanical response at different strain rates. Thus, it is
essential to comprehend the strain rate effects on the mechanical responses and
*
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-
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Ameri, A. A. H. et al. (2020) “Tension-Compression asymmetry in dual
phase stainless steel alloys” (to be submitted)
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microstructural changes of these alloys. This chapter discusses the compressive properties
of LDX 2101 and LDX 2404 under a wide range of strain rates (10-3 to 3.5×103 s-1) and
correlates the mechanical response with microstructural changes that are assessed using
Electron Backscatter Diffraction (EBSD). Results from this chapter are important to
determine the suitability of these alloys for many engineering applications that could be
subjected to different strain rates, such as pressure vessels, chemical storage tanks, and
nuclear power plants.

5.2. Material and Experimental Procedures
Cylindrical samples of LDX 2101 and LDX 2404 machined along the Rolling
Direction (RD) were used for compression testing. LDX 2101 samples measuring 7.5 mm
in diameter and length and LDX 2404 samples measuring 5.0 mm in diameter and length
were tested at a quasi-static strain rate (0.001 s-1) using a universal testing machine (AGX Shimadzu®). Smaller cylindrical samples of 7.5 mm diameter and 4.5 mm length from
LDX 2101 and 5.0 mm diameter and 3.0 mm length from LDX 2404 were tested at high
strain rates (750-3500 s-1) using a Split Hopkinson Pressure Bar (SHPB). The dimensional
reduction for the SHPB samples was made to reduce the friction and inertia artifacts [4].
To achieve a constant strain rate and force equilibrium on both faces of the SHPB
samples, pulse shapers were used at the incident bar/striker bar interface as explained in
Chapter Three.
EBSD examinations were conducted on relatively large areas with step sizes of
200 nm to determine the overall microstructural changes and on small areas with step
sizes < 70 nm to characterize fine microstructures. EBSD phase maps were superimposed
on Image Quality (IQ) maps to use them as a qualitative tool to recognize plastic
deformation and to differentiate the ferrite phase from the BCT-martensite phase as
explained in Chapter Four. Kernel Average Misorientation (KAM), which represents the
misorientation angle between a point and a specific number of neighboring points within
a grain, was used to assess strain fields inside the material grains. KAM maps in our study
are determined for the fifth neighboring point.
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5.3. Results and Discussions
5.3.1. Mechanical Response
Compressive stress-strain and work hardening rate diagrams at different strain
rates are shown in Fig.5.1 (a) for LDX 2101 and Fig.5.1 (b) for LDX 2404. LDX 2404
has higher flow stress than LDX 2101 for all strain and strain rate ranges. Fig.5.1 (c)
shows the flow stress increase with a strain rate increase for both materials from 0.001 s1

to 3500 s-1 (i.e.,

(𝜎@3500 −𝜎@0.001 )
𝜎@0.001

). It decreases for both materials as strain increases; this

is related to thermal softening effects. Increasing strain for materials tested at high strain
rates (i.e., > 0.1 s-1) causes a temperature increase because there is not enough time to
dissipate thermal energy accompanied plastic deformation. A significant temperature
increase can negatively influence the flow stress by reducing the required athermal energy
to overcome dislocation barriers, consequently reducing the work-hardening rate [6].
LDX 2101 shows a higher flow stress increase with strain rate increase than LDX 2404,
indicating that LDX 2101 is more affected by the strain rate increase.
The difference between the materials’ flow stresses with strain at the lowest and
highest strain rates is shown in Fig.5.1 (d). This difference is almost constant at the
highest strain rate. However, it reduces with strain increase at the lowest strain rate. This
happens because the flow stress of LDX 2101 increases by ⁓160% between 0.2% and
50% strains (Fig.5.1 (a)) compared to ⁓130% increase for LDX 2404 at the same
conditions (Fig.5.1 (b)). Thus, LDX 2101 experiences a higher work-hardening rate than
LDX 2404 at 0.001 s-1. At 3500 s-1, the flow stress increase between 0.2% and 50% strain
in both materials is comparable, about 40%, indicating a similar work-hardening rate.
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(a)

(b)

(c)
(d)
Fig.5.1 (a) and (b) Compressive stress-strain and work hardening rate diagrams of LDX
2101 and LDX 2404 at different strain rates, respectively, (c) flow stress increase with
strain rate increases from 0.001 s-1 to 3500 s-1 for both materials, and (d) difference
between the flow stresses of LDX 2101 and LDX 2404 at different strain rates. Error
bars in (c) and (d) represent the uncertainties values (u) that are calculated based on the
standard deviations (s) of average stresses, u=√(

𝑆2101 2
)
2

+(

𝑆2404 2
) .
2

Microstructural examinations on samples deformed at different strain rates to
different strain levels (⁓25% and ⁓50% strains) were performed in order to explain why
LDX 2101 is more affected by strain rate increases (Fig.5.1 (c)) and why the difference
between the flow stresses of LDX 2101 and LDX 2404 decreases at 0.001 s-1 (Fig.5.1
(d)).
5.3.2. Microstructural Examinations
A. Samples Deformed to ⁓25% Strain (LDX 2101)

EBSD maps of LDX 2101 samples deformed to ⁓25% strain at different strain
rates are shown in Fig.5.2. Strain rates clearly affect austenite deformation modes. At
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0.001 s-1 (Fig.5.2 (a)), austenite underwent deformation, which resulted in dislocation
substructures, deformation bands, and phase transformation. Dislocation substructures
have a considerable fraction and appear in the form of dislocation walls. They are
characterized as Low Angle Grain Boundaries (LAGBs) with less than 15o misorientation
angle, and a small fraction are characterized as High Angle Grain Boundaries (HAGBs)
with more than 15o misorientation angle. Deformation bands have a relatively higher areal
density than the dislocation substructures, and they appear individually or intersected at
a few locations. The austenite phase transformation occurred by the formation of HCPmartensite (𝜀) and BCT-martensite (𝛼́). Some locations contain HCP-martensite next to
BCT-martensite; they are highlighted by the yellow arrows in Fig.5.2 (a) and reflect the
indirect transformation of austenite to BCT-martensite, (i.e., the 𝛾 → 𝜀 → 𝛼́
transformation). A few areas show only BCT-martensite without HCP-martensite; they
are marked by the white arrows in Fig.5.2 (a) and indicate a possibility of direct
transformation (i.e., the 𝛾 → 𝛼́ transformation).
At a high strain rate (750 s-1), austenite shows a higher areal density of dislocation
walls and deformation bands compared with the sample tested at 0.001 s-1. The latter
deformation form has the highest fraction, and this could result from the preferable
formation of partial dislocations at high strain rates [7]. The martensitic transformation
was limited in a few locations (areas marked by the white circle in Fig.5.2 (b)). This is
attributed to adiabatic heating that leads to an increase in the austenite phase stability via
increasing Stacking Fault Energy (SFE), which reduces the driving force to form the
martensite phase [8,9].
The Phase and IQ maps and KAM maps of austenite in Fig.5.2 show that plastic
deformation in the sample tested at 0.001 s-1 is less than that of the sample tested at 750
s-1. This reflects that increasing the strain rate promotes more plastic deformation within
austenite.
The ferrite phase of both samples deformed via dislocation slip, which resulted in
dislocation substructures (dislocation walls and cells) characterized as LAGBs. The KAM
maps of ferrite show a reduction in localized deformation with the strain rate increase,
which is opposite to the austenite behavior. Thus, the strain rate increase results in less
strain partitioning in the ferrite phase.
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(a)

(c)

(b)

(d)

(e)
(f)
Fig.5.2 (a), (b) Phase and IQ maps for samples deformed to ⁓25% strain at 0.001 and
750 s-1, respectively, (c) and (d) KAM maps of austenite in (a) and (b), respectively, (e)
and (f) KAM maps of ferrite in (a) and (b), respectively.
A.1. Examining the Sample Deformed at 0.001 s-1 Using High-Resolution EBSD Scans

High-resolution EBSD scans for the sample deformed to ⁓25% strain at 0.001 s-1
are presented in Fig.5.3. Deformation bands inside austenite grains took two different
forms: HCP-martensite (shown by the blue phase in Figs.5.3 (a) and (b)) and stacking
fault bundles (shown by the white arrows in Fig.5.3 (a)). Furthermore, BCT-martensite
102

Chapter 5

Strain rate effects on compressive response

formed at the intersections of HCP-martensite bands or at their intersections with other
deformation bands or dislocation slips (shown by the yellow arrows in Fig.5.3 (b)). Both
processes are considered as indirect transformation with HCP-martensite acting as an
intermediate phase. Other locations show BCT-martensite alone without HCP-martensite
(shown by the yellow arrows in Fig.5.3 (a)). Martensitic transformation at these locations
is characterized by indirect transformation because their KAM is comparable to those of
BCT-martensite next to HCP-martensite. Generally, locations with direct transformation
have significant localized deformation compared to locations with indirect transformation
[10]. The orientation relationship between austenite and BCT-martensite phases is
characterized mainly by the Kurdjumov-Sachs (K-S) orientation relationship:
(111)γ||(110)𝛼 and [-101] γ||[1-11] 𝛼, illustrated in Figs.5.3 (a) and (b).
KAM map of austenite (Fig.5.3 (d)) illustrates insignificant KAM (i.e., a uniform
distribution of local strains) near martensite phases because of the compatibility in the
deformation mechanisms between austenite and HCP-martensite [10]. This, in turn, leads
to insignificant deformation within HCP-martensite as shown in Fig.5.3 (e).
The BCT-martensite phase experienced a significant amount of deformation
compared with the other phases (Fig.5.3 (f)) because its formation is accompanied with a
high density of plastic deformation, which in turn enhances the material’s work hardening
[10,11].

(a)
(b)
Fig.5.3 (a) and (b) Phases and IQ maps for the sample deformed at 0.001 s-1 to ⁓25%
strain.
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(c)

(d)

(e)
(f)
Fig.5.3 (continued) (c) KAM maps of BCC phases in (a), (d), (e), and (f) KAM maps of
austenite, HCP-martensite, and BCC phases in (b), respectively.

Interestingly, the BCT-martensite phase deformed via mechanical twinning.
Fig.5.4 shows BCT-martensite grains formed inside an austenite grain at the area
highlighted by the yellow circle in Fig.5.3 (a). The BCT martensite grains accommodated
plastic deformation by mechanical twins, marked by the black lines and red arrows in
Fig.5.4, in addition to dislocation substructures (Fig.5.3 (c)). Twins boundaries were
characterized with ⁓60o rotation around <111> direction, which represent Σ3 coincidence
site lattice (CSL) boundaries. This type of deformation within the BCT-martensite phase
has not been reported for DSSs that experience austenite transformation to BCTmartensite. For instance, Herrera et al. [11] reported that BCT-martensite experiences
deformation in the form of dislocations even at high strains.
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Fig.5.4 Orientation map of BCT-martensite grains formed inside an austenite grain
marked in Fig.5.3 (a).
B. Samples Deformed to ⁓25% Strain (LDX 2404)

EBSD maps of LDX 2404 samples deformed to ⁓25% strain at 0.001 and 750 s-1
are shown in Fig.5.5. For both strain rates, the austenite phase experienced deformation
in the forms of dislocation substructure, marked by the black arrows in the magnified
band contrast images in Figs.5.5 (a) and (b), and stacking fault bundles, marked by the
red arrows in the magnified band contrast images. Austenite transformation did not occur
for both strain rates, indicating higher stability for the austenite phase of LDX 2404. The
ferrite phase deformed via dislocation slip that resulted in dislocation substructures for
both strain rates, marked by the white arrows in Figs.5.5 (a) and (b). Unlike LDX 2101,
both phases of LDX 2404 experienced more plastic deformation with strain rate increase,
as illustrated by the KAM maps in Figs.5.5 (c) to (f).
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(a)

(b)

(c)

(d)

(e)
(f)
Fig.5.5 (a) and (b) Phase and IQ maps of LDX 2404 samples deformed to ⁓25% strain
at 0.001 and 750 s-1, respectively, (c) and (d) KAM maps of austenite in (a) and (b),
respectively, (e) and (f) KAM maps of ferrite in (a) and (b), respectively.
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C . Samples Deformed to ⁓50% Strain (LDX 2101)

EBSD maps for samples deformed to ⁓50% strain at different strain rates are
shown in Fig.5.6. At 0.001 s-1, austenite shows deformation in the forms of dislocation
substructures, marked by white arrows in Fig.5.6 (a), and deformation bands that remain
the dominant deformation mode as the sample tested at 0.001 s-1 to ⁓25% strain (Fig.5.2
(a)). Also, the martensitic transformation was noticed in the forms of HCP-martensite and
BCT-martensite phases. The orientation relationship between the parent austenite and
BCT-martensite phases is defined by the K-S orientation relationship (Fig.5.6 (a)). At
3500 s-1 (Fig.5.6 (b)), the austenite phase has a lower IQ than that in Fig.5.6 (a). It shows
a significant plastic deformation concentrated near grain boundaries. KAM maps of the
austenite phase (Figs.5.6 (c) and (d)) indicate that strain rate increase results in more
plastic deformation within the austenite phase.
The ferrite deformed via dislocation slip at both strain rates. The sample tested at
0.001 s-1 (Fig.5.6 (c)) shows more plastic deformation than the sample tested at 3500 s-1
(Fig.5.6 (d)). Thus, the strain rate increase resulted in less strain partitioning in the ferrite
at ⁓50% strain, which is similar to the samples tested to ⁓25% strain (Fig.5.2).

(a)
(b)
Fig.5.6 (a) and (b) Phase and IQ maps of LDX 2101 samples deformed to ⁓50% strain
at 0.001 and 3500 s-1, respectively.
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(c)

(d)

(e)
(f)
Fig.5.6 (continued) (c) and (d) KAM maps of austenite in (a) and (b), respectively, (e)
and (f) KAM maps of ferrite in (a) and (b), respectively.

C.1. Examining the Sample Deformed at 0.001 s-1 Using a High-Resolution EBSD Scan

High-resolution EBSD maps for the sample deformed to ⁓50% strain at 0.001 s-1
are shown in Fig.5.7. The austenite deformed in the forms of dislocation slip and
martensitic transformation as the sample deformed to ⁓25% strain. The latter mode
occurred in the BCT-martensite and HCP-martensite forms. The green phase in Fig.5.7
(a) represents BCT-martensite, which resulted from indirect transformation based on the
existence of HCP-martensite. Two areas can be distinguished for this BCT-martensite:
(a) those marked by the dashed white arrow with low IQ, and (b) those marked by the
white sold arrow with a higher IQ. This occurs because of the difference in the
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deformation mechanism of BCT-martensite at these locations. The former areas
accommodated plastic deformation mainly by dislocation substructures that cause
distortion of lattice and lower IQ. The latter areas, interestingly, experienced
deformations in the forms of dislocation substructures and a considerable fraction of
deformation twins as shown by the orientation map in Fig.5.7 (b). Two different twin
types were defined. The first type was twins with Σ3 boundaries, marked by the black
lines and arrows in Fig.5.7 (b), which is similar to the twins in the samples deformed to
⁓25% strain at 0.001 s-1 (Fig.5.4). The second type was defined with ⁓50.5o rotation angle
about <110> direction, which corresponds to Σ11 CSL boundaries, marked by the red
lines and arrows in Fig.5.7 (b). Lai et al. [15] reported that such a twin boundary
represents {332}<113> twin. This rare twinning mode has been reported in a few
materials — metastable BCC β titanium alloys [12,13] and BCC iron deformed under an
extreme shock loading condition [14,15]. We noticed it in the ferrite phase of the LDX
2101 and LDX 2404 samples shock-loaded at a peak stress of ~18 GPa as illustrated in
Chapter Six.

(a)
Fig.5.7 (a) Phase and IQ maps for the sample deformed at 0.001 s-1 to ⁓50% strain
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(b)
Fig.5.7 (continued) (b) orientation map of BCT-martensite in (a).
D. Samples Deformed to ⁓50% Strain (LDX 2404)

EBSD maps of the LDX 2404 samples deformed to ⁓50% strain at different strain
rates are shown in Fig.5.8. The deformation modes of these samples are similar to those
tested to ⁓25% strain (Fig.5.2). The austenite shows deformation bands and dislocation
substructures, and the ferrite shows dislocation substructures. KAM maps of both phases
show more plastic deformation with increasing strain rate, and this differs from the LDX
2101 samples that show less deformation in the ferrite with strain rate increase (Fig.5.6).
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(a)

(c)

(b)

(d)

(e)
(f)
Fig.5.8 (a) and (b) Phase and IQ maps of LDX 2404 samples deformed to ⁓50% strain
at 0.001 and 3500 s-1, respectively, (c) and (d) KAM maps of austenite in (a) and (b),
respectively, (e) and (f) KAM maps of ferrite in (a) and (b), respectively.
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The higher flow stress increase with strain rate increase for LDX 2101, compared
to LDX 2404 (Fig.5.1 (c)), could be related to the distribution of plastic deformation. In
LDX 2101, the austenite experienced more plastic deformation with strain rate increase
as shown in Fig.5.2 and Fig.5.6. This causes an increase in the flow stress because the
austenite of LDXs has a higher hardness than the ferrite (discussed in Chapter Four),
whereas plastic deformation in the LDX 2404 samples is partitioned evenly between the
phases as shown in Fig.5.5 and Fig.5.8. This factor could also be the reason for making
the flow stress of LDX 2101 comparable to that of LDX 2404 at high strain rate (Fig.5.1
(d)).
At 0.001 s-1, the yield stress of LDX 2404 is about 14% higher than that of LDX
2101; this could be attributed to the small grain size and higher alloying content of LDX
2404 as discussed in Chapter Four. Alternatively, the flow stress increase with strain in
LDX 2101, compared to LDX 2404 (Fig.5.1 (d)), could be related to austenite phase
transformation and the deformation mechanisms of BCT-martensite. The formations of
the HCP- and BCT-martensite that are harder than the parent austenite increase the flow
stress of LDX 2101 via the Transformation Induced Plasticity (TRIP) mechanism
[10,11,16]. The deformation twinning mechanism within BCT-martensite also increases
the flow stress of LDX 2101 because the twins divide grains and introduce more barriers
for dislocation movements [13,17].
It is worth noting that the absence of martensitic transformations in the sample
tested to ⁓50% strain at 3500 s-1 could result from temperature increase due to adiabatic
heating that is inherent at large strain and strain rates. Temperature increase can suppress
martensitic transformations via increasing SFE [18–20].

5.4. Summary
This chapter discussed the compressive responses of Lean Duplex Stainless Steel
2101 and 2404 (LDX 2101 and LDX 2404) at different strains and strain rates at room
temperature. Elucidating the associated microstructural changes due to these loading
conditions was performed using EBSD examinations. The main findings are:
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Flow stresses of both alloys increase with strain rate increase. LDX 2101 flow
stress is more affected because of the concentration of additional plastic
deformation within the hard austenite phase as strain rate increases. On the other
hand, LDX 2404 shows more uniform stain partitioning between the austenite and
ferrite.

-

The difference between the flow stresses in these materials decreases with strain
increase at 0.001 s-1 because LDX 2101 has a higher work hardening rate than
LDX 2404. This is related to the microstructural evolution in LDX2101: (a) the
transformation of the austenite to HCP-and BCT-martensite phases (TRIP
mechanism) and (b) the formation of mechanical twins within BCT-martensite.

-

The ferrite phase of both materials deforms by dislocation slip regardless of strain
rate.

-

The austenite phase of LDX 2101 deforms by dislocation slip, stacking faults, and
martensitic transformations at quasi-static strain rate. However, it deforms by
dislocation slip and stacking faults at high strain rates. The austenite phase of LDX
2404 shows deformation in the forms of dislocation substructures and deformation
bands regardless of strain rate.

-

The BCT-martensite phase in LDX 2101 deforms by dislocation slip and
mechanical twinning. The former mode appears in two types: (a) Σ3 at ⁓25%
strain, and (b) Σ3 and Σ11 at ⁓50% strain.
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6. Shock-compression Loading*
6.1. Introduction
Dynamic compressive behaviors of the studied steel alloys under uniaxial stress
conditions were discussed in the previous chapter. In the present chapter, the mechanical
response and microstructural evolution at higher strain rates under uniaxial strain (shock)
conditions are presented.
Materials subjected to shock loading can experience deformation mechanisms
different than those under normal loading conditions. For instance, ferritic steels
subjected to shock loading could experience deformation twinning, dislocation slip, and
reversible ferrite to martensite (ɛ) transformation [1–6]. This transformation occurs at a
compressive peak stress of ⁓13 GPa [2,7]. A limited number of studies have
experimentally explored the signature of this reversible transformation with differing
results reported. For instance, Dougherty et al. [2] reported that formation of {332}<113>
secondary twins in the reverted ferrite phase is the signature for this transformation in a
1018 ferrite-pearlite steel shocked at 14 GPa and 16.4 GPa. On the other hand, Wang et
al. [3] elucidated that the formation of three {112}<111> twin sets inside needle regions
within the reverted ferrite phase is the fingerprint for the ferrite to martensite
transformation in a pure polycrystalline iron shocked in the range of 12.5-14.5 GPa.
To the best of our knowledge, there are no studies of the ferrite to martensite
transformation in ferritic-austenitic steels. This chapter discusses microstructural changes
in the constituent phases of Lean Duplex Stainless Steel 2101 and 2404 (LDX 2101 and
LDX 2404) shocked in the 9.0-19.0 GPa range using plate-impact experiments.
Microstructural examination of recovered samples was conducted using Electron
Backscatter Diffraction (EBSD). Samples manufactured out of shocked samples were
subsequently compressed quasi-statically to examine the effects of ferrite to martensite

*

This chapter based on the following paper:

- Ameri, A. et al. (2020) “Microstructural changes in dual phase stainless steel alloys
shocked below and above 13 GPa” (to be submitted).
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transformation on the mechanical response of these alloys [8–10]. Results obtained from
such an investigation are very useful for many applications, such as explosive
manufacturing processes and military applications.

6.2. Methods and Materials
LDX 2101 and LDX 2404 alloys were tested along the Normal Direction (ND) at
different impact velocities. Experimental details are listed in Table 6.1 (peak stress
calculations are explained in Chapter Three). LDX 2101 and LDX 2404 were shockloaded at three different peak stresses, below and above 13 GPa, to examine phase
transformation within ferrite and deformation mechanisms within austenite. Experiments
were done via symmetric plate-impact experiments using a 70 mm bore single-stage light
gas gun. As explained in Chapter Three, the target assembly was designed to ensure that
the tested samples are subjected to uniaxial strain only. Pulse duration, ⁓0.4 μs, was kept
constant for all tests by using a similar flyer plate thickness (⁓2.0 mm). Free surface
velocities, which was measured using a Photon Doppler Velocimetry (PDV), were
obtained from sacrificial samples used in our assemblies. This was done to avoid
damaging the recovered samples after leaving the target holder by impacting the laser
probe behind them as explained in Chapter Three. Details on the assembly dimensions
are provided in Appendix B.1.

Table 6.1 Experimental parameters for the plate-impact experiments.
Impact

Flyer plate

Sample

velocity

thickness

thickness

(m/s)

(mm)

(mm)**

520

1.98

3.04

9.5

755

1.94

3.03

14.3

SK21-3

930

1.97

2.99

18.2

SK24-1

510

1.99

3.02

9.4

745

1.96

3.02

14.3

940

2.03

3.04

18.5

Shot ID*

Material

SK21-1
SK21-2

SK24-2
SK24-3

LDX 2101

LDX 2404

Peak stress
(GPa)

* SKXY-Z: SK refers to shock-compression experiment, XY refers to the material (21 is LDX 2101 and
24 is LDX 2404), and Z refers to the test number.
** These measurements belong to the main sample (sample numbered 2 in Chapter Three and Appendix
B.1) that was used for microstructural examinations.
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The recovered target assemblies, Fig.6.1, show that spallation occurred behind the
recovery capsulate (i.e., within the spall plate) indicating that the recovered sample was
only subjected to shock and release waves.

Fig.6.1 Parts of the recovered target assembly of the SK24-2 test.

Post-mortem samples were sectioned into two halves along the Transverse
Direction (TD) plane. One half was ground and polished for microstructural examinations
using the metallographic preparation procedures explained in Chapter Three. The second
half was used to machine two cylinders, as shown in Fig.6.2, 3.0 mm in diameter and
length. Compression tests at 10-3 s-1 strain rate to ⁓25% strain were conducted using a
universal testing machine (Shimadzu® AG-X).

Fig.6.2 3D representation for locations of samples machined from pre-shocked samples.
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Microstructural changes were examined using EBSD. Scans were done ⁓200 μm
from the impact surface and in the middle of the samples. The fingerprints of the plastic
and shock waves in post-mortem samples are clearer close to the impact surface because
the secondary shock wave that causes the α → ɛ transformation could decay inside the
sample. This occurs due to the interactions with rarefaction waves of the primary shock
wave as explained in Chapter Two. Also, the middle section of the sample most likely
experiences a uniaxial strain condition with minimum radial and edge waves effects.

6.3. Results and Discussions
6.3.1. Free Surface Velocity Traces
Fig.6.3 shows the free surface velocity profiles of the LDX 2101 and LDX 2404
samples; Table 6.2 lists the Hugoniot Elastic Limit (HEL) extracted from these figures.
The HEL of both materials is independent of peak stress, and the average HEL of
LDX 2404 is about 20% higher than that of LDX 2101. This difference is comparable to
the difference in their quasi-static yield stresses (𝜎𝑦 ) along the ND; 𝜎𝑦 is about 505 MPa
for LDX 2101 and 585 MPa for LDX 2404 resulting in a difference of about 16%. The
shape of the shock-loading stage for the LDX 2404 samples is flatter than those of LDX
2101, indicating more uniform deformation for the LDX 2404 samples during the
compressive shock loading [11].

(a)
Fig.6.3 Free surface velocity profiles of (a) LDX 2101.
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(b)
Fig.6.3 (Continued) (b) LDX 2404.

Table 6.2 Calculated experimental results for LDX 2101 and LDX 2404 tests.
𝝈𝑯𝑬𝑳

Peak stress

(GPa)*

(GPa)

SK21-1

1.5

SK21-2
SK21-3

Shot ID

Peak stress

Shot ID

𝝈𝑯𝑬𝑳 (GPa)*

9.5

SK24-1

1.8

9.4

1.5

14.3

SK24-2

1.9

14.3

1.6

18.2

SK24-3

1.9

18.5

(GPa)

* HEL is defined as explained in Chapter Three.

6.3.2. Examination of Post-mortem Samples
A. Electron Backscatter Diffraction (EBSD) examination
A.1. LDX 2101

Figs.6.4 (a) to (c) show phase and IQ maps for the LDX 2101 shocked samples;
Figs.6.4 (d) and (e) show misorientation diagrams of the ferrite and austenite,
respectively, of shocked and as-received samples. Both phases of the SK21-1 sample (9.5
GPa) show plastic deformation. The ferrite deformed via dislocation slip resulted in
dislocation substructures that appear with a low IQ, shown by the black arrows in Fig.6.4
(a). These substructures are characterized as Low Angle Grain Boundaries (LAGBs) with
misorientation angles less than 15o, as shown by the misorientation diagram in Fig.6.4
(d). Austenite deformation also resulted in LAGBs but with a lower fraction than those
of the ferrite phase as shown in Fig.6.4 (e). The ferrite in the SK21-2 sample (14.3 GPa)
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also shows dislocation substructures, marked by the black arrows in Fig.6.4 (b). The
density of these substructures is comparable to those of the SK21-1 sample (Fig.6.4 (d)).
More deformation is observed in the austenite of the SK21-2 sample than that of the
SK21-1 sample, shown in Fig.6.4 (e). Thus, increasing peak stress from 9.5 to 14.3 GPa
results in more deformation within the austenite phase but similar deformation within the
ferrite phase.
Most of the ferrite grains in the SK21-3 sample (18.2 GPa) show a high density
of deformation twins that form networks dividing the ferrite grains (Fig.6.4 (c)). The
boundaries of these twins are characterized as High Angle Grain Boundaries (HAGBs)
with misorientation angles higher than 15o. Also, the misorientation diagram of the ferrite
(Fig.6.4 (d)) shows a considerable fraction of LAGBs, indicating that the ferrite phase
also deformed via dislocation slip, which resulted in dislocation substructures. On the
contrary, the austenite phase deformation did not change at this peak stress; it shows a
comparable deformation, which is defined by LAGBs, to that of the SK21-2 sample
(Fig.6.4 (e)).

(a)
(b)
Fig.6.4 (a), and (b) Phase and IQ maps of SK21-1, and SK21-2 samples, respectively.
Arrows point to substructures within the ferrite phase.
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(c)

(d)
(e)
Fig.6.4 (Continued) (c) Phase and IQ maps of SK21-3 sample, (e) and (f) misorientation
diagrams for the ferrite and austenite phases of LDX 2101 samples, respectively.

A high-resolution scan for the ferrite grains in the SK21-3 sample (Fig.6.5) was
done to study fine microstructural features corresponding to two forms of deformation:
deformation twins, shown in Fig.6.5 (a), and dislocation substructures, which appear as
dark lines marked by the yellow arrows in Fig.6.5 (b). The deformation twins are needleshaped with less than 1 μm in width. Five different orientations for these twins were
defined, numbered from 1 to 5 in Fig.6.5 (a). Pole Figures (PFs) of the twins and the
parent grain were used to define the twin plane, K1, and the twin direction, 𝜂1 [2,12].
However, this approach cannot accurately differentiate between the twin plane and
direction because it is based on a 2D scan, combining its results with the twin boundaries
in the Coincidence Site Lattice (CSL) description, and available data in literature is
suitable for the purpose of this study. For the twins numbered 1, 2, and 3, the PFs of {112}
and {111} planes have overlapping poles, marked by the black circles in Fig.6.5 (c). This
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indicates that these twins are either {112}<111> or {111}<112> twins. Twin 4 was
defined as a secondary twin that forms inside twin 2 and is also characterized by using its
PFs and those of the primary twin, twin 2. For twins 4 and 5, the PFs of {113} and {332}
planes have overlapping poles (Fig.6.5 (c)), indicating that these twins are either
{332}<113> or {113}<332> twins.
The misorientation angles between twins 1, 2, and 3 and the parent grain was
determined to be ⁓60o about <111> direction, which correspond toΣ3 boundary, shown
by the black lines in Fig.6.5 (b). Such twins are defined as {112}<111> twins [3]. For
twins 4 and 5, the misorientation angles between the twins and the parent grains were
measured as ⁓50.5o rotation about <110> direction, which indicate Σ11 boundary, shown
by the red lines in Fig.6.5 (b). These twins are defined as {332}<113> twins [13]. Thus,
the ferrite phase of the SK21-3 sample has three types of twins as summarized in Table
6.3
Twins 1, 2, and 3 represent the majority of the twins in the ferrite of the SK21-3
sample, and their existence is clearly reflected on the overall misorientation diagram of
the phase as shown by the peak around 60o in Fig.6.4 (d). Also, they shared boundaries at
some locations and the misorientation angle between them was determined to be ⁓39o
about <110> direction, which is equivalent toΣ9 boundary as shown by the blue lines in
Fig.6.5 (b).

(a)
(b)
Fig.6.5 (a) Orientation map of ferrite grains with deformation twins in the SK21-3
sample, (b) phase and IQ maps of the ferrite grains in (a) with twins’ boundaries in the
CSL description.
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(c)
Fig.6.5 (continued) (c) overlapped PFs of twins 1 to 5 and their parent grains in (a).
Black circles represent overlapped poles.
Table 6.3 Characteristics of deformation twins in the SK21-3 sample.
Twin plane

Twin direction

CSL

(K1)

(𝜼1)

boundary

1, 2 and 3

{112}

<111>

Σ3

Primary twins

4

{332)

<113>

Σ11

Secondary twin inside twin 2

5

{332)

<113>

Σ11

Primary twin

Twin ID

Twin type

A.2. LDX 2404

Phase and IQ maps for the LDX 2404 shocked samples are shown in Figs.6.6 (a)
to (c); the corresponding misorientation diagrams of the austenite and ferrite phases for
these samples and a sample in as-received condition are shown in Figs.6.6 (d) and (e).
The ferrite of the SK24-1 (9.4 GPa) and SK24-2 (14.3 GPa) samples deformed via
dislocation slip that resulted in dislocation substructures, shown by the black arrows in
Figs.6.6 (a) and (b). Similar to LDX 2101, these substructures are demarcated by LAGBs
and their fraction increases with peak stress, shown in Fig.6.6 (d). The austenite of the
SK24-1 and SK24-2 samples also experienced plastic deformation characterized as
LAGBs, but its fraction is more than that of the ferrite (Fig.6.6 (e)).
The ferrite of the SK24-sample (18.5 GPa) exhibits mechanical twins as shown in
Fig.6.6 (c); the boundaries of these twins are defined as HAGBs. Moreover, both the
ferrite and austenite present LAGBs. This indicates that dislocation substructures within
ferrite are another deformation mode. Unlike LDX 2101, the austenite LAGBs fraction
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of the SK24-3 sample is higher than the other shocked sample, as shown in Fig.6.6 (e),
indicating that austenite deformation increases with peak stress.

(a)

(b)

(c)

(d)
(e)
Fig.6.6 (a), (b), and (c) Phase and IQ maps of SK24-1, SK24-2, and SK24-3 samples,
respectively, (e) and (f) misorientation diagrams for the ferrite and austenite phases of
LDX 2101 samples, respectively. Arrows in (a) and (b) point to substructures within the
ferrite phase.
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Due to the fine microstructural features within the ferrite in SK24-3, a highresolution EBSD scan for a ferrite grain was performed (Fig.6.7). Similar to the SK21-3
sample, the ferrite exhibits plastic deformation in forms of deformation twins (Fig.6.7 (a))
and dislocation substructures, locations marked by the yellow arrows in Fig.6.7 (b). The
twins also have a needle shape of less than 0.5 μm in width, which is about half the width
of the twins in LDX 2101. Four different orientations for these twins were determined,
numbered 1 to 4 as shown in Fig.6.7 (a). The twins were characterized by using the PFs
of the twins and their parent grains (Fig.6.7 (c)) and twins’ boundaries (Fig.6.7 (b)). These
twins were defined as {332}<113> and {112}<111> twins, and their characteristics are
summarized in Table 6.4.

(a)

(b)

(c)
Fig.6.7 (a) Orientation map of a ferrite grain with deformation twins in the SK24-3
sample, (b) phase and IQ maps of the ferrite grain in (a) with twins’ boundaries in the
CSL description, and (c) overlapped PFs of twins 1 to 4 and their parent grains in (a).
Black circles represent overlapped poles.
Table 6.4 Characteristics of deformation twins in the SK24-3 sample.
Twin ID

Twin plane
(K1)

Twin direction
(𝜼1)

CSL
boundary

Twin type

1, 2 and 4

{112}

<111>

Σ3

Primary twins

3

{332)

<113>

Σ11

Primary twin
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For both materials in samples shocked below 13 GPa, the ferrite deformed via
dislocation slip, which indicates that the peak stress threshold of the pressure-induced
twins for LDX 2101 and LDX 2404 at ⁓0.4 μs pulse duration is higher than those in other
ferritic steels. It has been reported that ferritic steels shocked below 13 GPa and with a
shorter pulse duration (about 0.3 µs) could experience deformation twins [14,15]. This
clearly indicates that the ferrite phase of LDXs has different characteristics from singlephase ferritic steels. Consequently, studying the shock response of LDXs is of great
importance to enhance our understanding, which can lead to expand the usage of LDXs
under shock loading conditions.
Moreover, deforming ferrite in samples tested just above 13 GPa via a similar
mode for those tested below 13 GPa shows that the stress threshold of the ferrite to
martensite transformation is higher than the reported threshold for ferritic steels [2,3,10].
The coexistence of the austenite and ferrite phases (i.e., duplex microstructure) and
relatively high alloying contents of LDX 2101 and LDX 2404 might cause this. The
duplex microstructure of the tested materials results in load partitioning between ferrite
and austenite, the share of ferrite could be less than 13 GPa. The relatively high alloying
content, especially Cr and Mo, of the tested materials makes the stress threshold of the α
→ ɛ transformation higher than 13 GPa [16].
Deformation twinning in the ferrite of the SK21-3 and SK24-3 samples could have
resulted from different reasons (a): the reversible transformation of the ferrite to
martensite, and (b) the occurrence of pressure-induced twins. Others have considered the
existence of {332}<113> twins as secondary twins (twin 4 in LDX 2101) as a signature
for the occurrence of the ferrite to martensite transformation [2]. Thus, the ferrite of our
SK21-3 sample underwent the α→ɛ transformation. On the other hand, the existence of
{112}<111> primary twins (twins 1 to 3 in LDX 2101 and twins 1, 2, and 4 in LDX 2404)
has been linked to the pressure-induced twins in ferritic steels [2,17]. Hence, both alloys
experienced pressure-induced twins.
However, the existence of {332}<113> twins as primary twins in both materials
(twin 5 in LDX 2101 and twin 3 in LDX 2404 ) is unique. To the best of our knowledge,
this twin type has not been reported in steel alloys, but it has been reported in metastable
BCC β-Ti alloys [13,18]. In order to examine the occurrence of the ferrite to martensite
transformation in the SK24-3 sample and whether {332}<113> primary twins are a
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signature for this transformation, quasi-static compressive testing was performed on the
shocked samples. Results are presented and discussed in the next section.
For the austenite, none of the tested samples of both materials experienced
mechanical twins or deformation-induced martensite, which is contrary to findings for
single-phase austenitic steels [4,19]. This could result from increasing the Stacking Fault
Energy (SFE) of the austenite due to the temperature rise during shock loading. As
discussed in Chapter Two, a high SFE of the austenite suppresses mechanical twinning.

B. Reloading shocked samples quasi-statically

To compare the stress-strain curves of the recovered-shocked and quasi-statically
loaded samples, the transient shock strain (ɛtran) for the recovered-shocked samples was
determined. ɛtran is a 1-D strain that represents the total amount of shear strain experienced
by the material during shock loading and it is defined using Eq. (6.1 a) [20]:
ɛtran =

√2
3

[(𝜀𝑥 − 𝜀𝑦 )2 + (𝜀𝑥 − 𝜀𝑧 )2 + (𝜀𝑦 − 𝜀𝑧 )2 ]0.5

Eq.6.1 a

where 𝜀𝑥 , 𝜀𝑦 and 𝜀𝑧 are the principal strains. Under uniaxial strain condition, 𝜀𝑥 ≠ 𝜀𝑦 =
𝜀𝑧 = 0. This makes Eq. (6.1 a) equal to:
2

ɛtran = 3 𝜀𝑥

Eq.6.1 b

Eq.(6.1 b) explains the amount of equivalent 1-D strain experienced by the
shocked sample during the loading stage only. Because the impacted samples experience
a loading and release stages resulting in equivalent amount of strains, the total transient
strain can be expressed by Eq.(6.2) [20,21].
4

4

4

ɛtran = 3 𝜀𝑥 = 3 ln (l/lo)= 3 ln (v/vo)

Eq.6.2

where l and lo are the final and initial thickness of the shocked sample, v and vo are the
final and initial volume of the shocked sample, respectively. Values of the total transient
strain of both alloys are tabulated in Table 6.5.
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Table 6.5 Transit shock strains of LDX 2101 and LDX 2404 shocked samples.
Shot ID

Material

SK21-1
SK21-2
SK21-3

LDX 2101

v/vo*

ɛtran (%)

Shot ID

0.947

7.3

SK24-1

0.923

10.6

SK24-2

0.909

12.9

SK24-3

Material

LDX 2404

v/vo*

ɛtran (%)

0.947

7.2

0.926

10.2

0.910

12.6

* v is calculated using conservation of mass equation at the shock state.

Figs.6.8 (a) and (b) show compressive stress-strain diagrams of as-received and
shocked samples of LDX 2101 and LDX 2404, it is clear that the curves of the samples
shocked at and below 14.3 GPa of both alloys coincide with that of the samples tested in
as-received condition. Such a response has been reported for ferritic steels shocked below
the stress threshold of the α→ɛ transformation [10]. As a result, reloading results support
the microstructural findings; the ferrite phase in both alloys did not experience phase
transformation at and below 14.3 GPa.
The flow stress of the LDX 2101 sample shocked at 18.2 GPa, which experienced
phase transformation based on microstructural analysis, shows a significant increase
compared to as-received samples. A similar flow stress increase has been reported for
ferritic steels that experience the reversible α→ɛ transformation [2,5,8,10]. Similarly, the
LDX 2404 sample, shocked at 18.5 GPa (SK24-3 sample), shows higher flow stress than
the as-received sample. This flow stress increase is comparable to that of the SK21-3
sample. Thus, the SK24-3 sample most likely also underwent the ferrite to martensite
transformation with observed {332}<113> primary twins being a signature for this phase
transformation. Overall, our findings agree with reported results for a 1018 ferrite-pearlite
steel in Ref. [2,5] and pure iron (Armco) in Ref. [10].
It is worth noting that the signatures of reversible α→ɛ transformation in both
materials occurred mainly due to the development of a uniaxial strain condition. This is
educed because the used experimental setup is capable to mitigate the effects of release
waves that violate uniaxial strain conditions as demonstrated by our work presented in
chapter three, as well as in Ref. [22].
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(a)

(b)
Fig.6.8 Compressive stress-strain diagrams of shocked and as-receieved samples (a)
LDX 2101, and (b) LDX 2404.

6.4. Summary
This chapter discussed microstructural changes in Lean Duplex Stainless Steel
2101 and 2404 (LDX 2101 and LDX 2404) under shock-compression loading at peak
stresses in the 9.0 to 19.0 GPa range as well as their post-shock quasi-static compressive
responses. The following points represent the main findings:
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The HEL of both materials is independent of peak stress. The HEL of LDX
2404 is determined to be ~1.9 GPa, and it is about 20% higher than that of
LDX 2101.

-

The austenite in all shocked samples in both alloys experienced plastic
deformation, which resulted in LAGBs.

-

The ferrite of samples shocked at and below 14.3 GPa in both alloys deformed
via dislocation slip that resulted dislocation substructures.

-

The ferrite of samples shocked above 18 GPa in both alloys deformed via
deformation twinning and dislocation slip. Different types of mechanical
twins were observed: {112}<111> primary twins, and {332}<113> primary
and secondary twins. The existence of {332}<113> twins represents a
fingerprint for the reversible ferrite to martensite transformation.

-

Quasi-static testing of shocked samples shows that the flow stresses of
samples pre-shocked below 18 GPa coincide with that of samples tested in asreceived conditions. However, the flow stress of samples pre-shocked above
18 GPa show a significant increase compared to the samples tested in asreceived condition; this is likely due to the occurrence of the reversible ferrite
to martensite transformation.
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7. Dynamic Tensile Failure
(Spallation)*
7.1. Introduction
The previous chapter discussed the response of the studied materials under shockcompression loading without tensile failure. In this chapter, spallation, which is the
primary failure mode for materials under shock loading, of Lean Duplex Stainless Steel
2101 and 2404 (LDX 2101 and LDX 2404) under shock loading is discussed.
Spall strength depends on tensile stress history, which is determined by peak
stress, pulse duration and release rate, and materials’ microstructure [1,2]. Peak
compressive stress could have additional influence on materials spall strength via
introducing shock-induced microstructure during shock compression. This influence
varies depending on the material. For instance, Whiteman et al. [3] reported that the spall
strength of austenitic stainless steel 2169 increases with peak stress increases due to the
positive influence of the shock-induced microstructure on the spall strength. On the
contrary, Li et al. [1,4] explained that the spall strength of a ferritic steel decreases with
increasing peak stress above 8.3 GPa due to the formation of deformation twins during
the compressive shock loading stage, these twins work as preferable void nucleation sites.
The spall response of LDX 2101 has been explored in a few studies [5–7], and
most of them focused on the hydrogen embrittlement mechanisms with limited

*
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Ameri, A. A. H. et al. (2018) ‘Investigating the Dynamic Tensile Response of Lean
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Web
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doi:
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-

Ameri, A. A. H. et al. (2018) ‘The effect of loading direction on the dynamic
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microstructural investigations. For LDX 2404, to the best of our knowledge, no study has
explored its spall response. This chapter discusses the spall response of LDX 2101 and
LDX 2404 at a release rate of ⁓105 s-1 and the associated microstructural changes. Effects
of compressive peak stress and plastic deformation history on spall strength and damage
are examined. Samples in as-received and pre-compressed (⁓25% strain at 10-3 s-1 strain
rate) conditions were shocked at peak stresses varying from 3.0 to 7.0 GPa. Precompressed samples were examined to understand whether a significant variation in the
materials microstructure by introducing plastic fields can have effects on the spall
response. Such a scenario is possible when engineering components deform slowly before
the propagation of shock waves. The investigation in this chapter is of great value because
these alloys are suitable to be used in applications that could experience shock loading,
such as pressure vessels and blast walls and firewalls in the offshore industry [8,9].

7.2. Methods and Materials
Both LDX 2101 and LDX 2404 alloys were tested along the Normal Direction
(ND) at different impact velocities. Experimental details are listed in Table 7.1 (peak
stress calculations are explained in Chapter Three). Symmetric plate-impact experiments
were performed using a 70 mm bore single-stage light gas gun. The flyer plate, 1.5 mm
thick, was selected to be half the thickness of the target assembly to develop a centralized
spall plane within the samples. The target assembly was designed as explained in Chapter
Three, and its dimensions are illustrated in Appendix C.1. Two sabot materials were used,
depending on the impact velocity: a low-density foam for high impact velocities (> 250
m/s) and an acetal for low impact velocities (< 200 m/s). For each material, three samples
were tested in as-received condition; two samples were tested after compressing them at
a quasi-static strain rate of 10-3 s-1 to ⁓25% strain using a universal testing machine
(Shimadzu® UHM-100). The free surface velocities, which was measured using a Photon
Doppler Velocimetry (PDV), were obtained from sacrificial samples used in the target
assemblies. This was done to avoid damaging the recovered samples after leaving the
target holder by impacting the laser probe behind them, as explained in Chapter Three.
Deformed samples were sectioned into two halves along the Transverse Direction
(TD) plane and prepared for microstructural examinations using the metallographic
preparation procedures explained in Chapter Three. Electron Backscatter Diffraction
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(EBSD) maps were used to assess plastic deformation. Phase maps were superimposed
on the corresponding Image Quality (IQ) maps to use them as a qualitative tool to
recognize localized deformation [10]. Kernel Average Misorientation (KAM), which
represents the misorientation angle between a point and a specific number of neighboring
points within a grain, was used to assess strain fields inside the grains [11]. KAM maps
in the following sections are determined for the fifth neighboring point. For samples with
full spall, EBSD scans and Scanning Electron Microscopy (SEM) imaging for the fracture
surface were performed on the rear part of the spalled samples, that is, the second half
between the spall plane and the free surface.
Table 7.1 Experimental parameters for the plate impact experiments.
Shot ID*
SP21-1
SP21-2
SP21-3
SP21-4
SP21-5
SP24-1
SP24-2
SP24-3
SP24-4
SP24-5

Condition

Material

As-received
LDX 2101
Pre-compressed

As-received
LDX 2404
Pre-compressed

Flyer Plate
thickness
(mm)
3.00
2.99
2.96
3.10
3.01
3.03
3.02
3.06
3.00
2.95

Sample
thickness
(mm)
1.52
1.51
1.46
1.53
1.52
1.49
1.50
1.52
1.50
1.49

Impact
velocity
(m/s)
175
185
360
175
345
180
200
350
185
345

Peak
stress
(GPa)
3.0
3.2
6.4
3.0
6.2
3.2
3.5
6.3
3.2
6.2

* SP-XY-Z: SP refers to spall experiment, XY refers to the material (21 is LDX 2101, and 24 is LDX 2404),
and Z refers to the test number.

7.3. Results and Discussions
7.3.1. Free Surface Velocity Traces
The free surface velocity profiles of the LDX 2101 samples are shown in Fig.7.1,
and Table 7.2 summarizes the results. Hugoniot Elastic Limit (HEL) and spall strength
were calculated as explained in Chapters Three. The HEL of samples in the as-received
condition, which is ~1.5 GPa, is similar to that of samples tested under the shockcompression condition at higher peak stresses (Chapter Six), this indicates that the HEL
is independent of peak stress. However, it is dependent on the deformation history. The
HEL of pre-compressed samples is ~40% higher than that of samples shocked in asreceived condition. Moreover, all traces exhibit pull-back minima, which is an indicative
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of spallation as explained in Chapter Two. The spall strength increases slightly with peak
stress, but it is not affected by the deformation history. Samples shocked in as-received
and pre-compressed conditions at a given peak stress have the same spall strength. The
spall damage development varies with peak stress, the rise time from the pull-back
minima to the spall peak decreases with peak stress increases. This indicates a higher
damage rate at high peak stresses [2,12].

Fig.7.1 Free surface velocity profiles of the LDX 2101 samples.
Table 7.2 Calculated experimental results for the LDX 2101 tests.
Shot ID
SP21-1
SP21-2
SP21-3
SP21-4
SP21-5

Sample
condition
As-received
Pre-compressed

𝝈𝑯𝑬𝑳
(GPa)
1.4
1.5
1.5
2.0
2.1

Peak stress
(GPa)
3.0
3.2
6.4
3.0
6.2

𝝈𝒔𝒑𝒂𝒍𝒍
(GPa)
2.4
2.5
2.9
2.5
2.8

The free surface velocity profiles of the LDX 2404 samples are shown in Fig.7.2;
calculated experimental results are listed in Table 7.3. This material’s HEL shows a
negligible variation with peak stress and deformation history. The difference between
HEL of LDX 2404 and that of LDX 2101 in the as-received condition is about 20%. The
spall strength is dependent on peak stress, but independent of deformation history. The
damage development rate increases with peak stress, which is similar to the LDX 2101
samples.
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The LDX 2404 samples show a higher spall strength than the LDX 2101 samples
tested at a given peak stress; this could be attributed to the higher density of the phase
boundaries in LDX 2404 as explained in the following sections.

Fig.7.2 Free surface velocity profiles of the LDX 2404 samples.
Table 7.3 Calculated experimental results for the LDX 2404 tests.
Shot ID
SP24-1
SP24-2
SP24-3
SP24-4
SP24-5

Sample
condition
As-received
Pre-compressed

𝝈𝑯𝑬𝑳
(GPa)
1.7
1.8
1.8
1.9
1.9

Peak stress
(GPa)
3.2
3.5
6.3
3.2
6.2

𝝈𝒔𝒑𝒂𝒍𝒍
(GPa)
2.8
3.0
3.5
2.8
3.5

7.3.2. Optical Microscopy Examinations of Deformed Samples
Fig.7.3 shows optical images of the SP21-1, SP21-2, and SP21-4 samples of LDX
2101 and the SP24-1, SP24-2, and SP24-4 samples of LDX 2404 that experienced
incipient spall. Damage (cracks and voids) in these samples is mainly accommodated by
the ferrite phase. The damage content was measured by ImageJ software, and it was
defined as the sum of damage areas divided by the sample cross-sectional area. It
increases with peak stress but decreases with plastic deformation (Table 7.4).
Furthermore, damage in LDX 2101 samples is about three times more than that in LDX
2404 samples; this correlates with the lower spall strength of LDX 2101.
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(a)

(b)
Fig.7.3 Optical images for the diametral plane of samples with incipient spall (a) LDX
2101, and (b) LDX 2404.
Fig.7.4 shows high-magnification micrographs of incipiently spalled samples of
both alloys. Different types of damage are observed. The first type, Fig.7.4 (a), represents
a development of oblique microcracks within the ferrite (i.e., a transgranular fracture
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mode). This type was only noticed in as-received samples. The second type, shown in
Figs.7.4 (b) and (c), is characterized as the growth of voids into facets within the ferrite.
This is the most prevalent type of damage for all samples. In both cases, austenite islands
work as barriers for fracture propagation.
Table 7.4 Damage content in the incipiently spalled samples.
Material

Shot ID
SP21-1
SP21-2
SP21-4
SP24-1
SP24-2
SP24-4

LDX 2101

LDX2404

Area fraction of damage %
0.73
0.84
0.62
0.24
0.28
0.21

γ

α
α

γ
(a)

(b)

α
γ
(c)
Fig.7.4 High-magnification (200X) optical micrographs of the incipiently spalled
samples (a) transgranular crack, (b) and (c) voids grow into facets.
7.3.3. EBSD Examinations of Deformed Samples
A. Spall of as-received samples
A.1. Incipient spall

Phase and IQ maps of the SP21-2 sample (Fig.7.5 (a)) and the SP24-2 sample
(Fig.7.5 (b)) show that most of the damage is within the ferrite, parallel to the phase
boundaries and normal to the shock loading direction. The preferred horizontal direction
of the damage could result from the dilatational nature of the strain fields. Normal
stresses, which are developed because of the interactions of rarefaction waves, are normal
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to the phase boundaries and generate dilatational strains along the phase boundaries [13].
Because most of the phase boundaries in the tested samples are perpendicular to the shock
loading direction, high dilatational strains are created. These strains promote more
void/crack growth [14,15]. Preferential development of damage within the ferrite could
result from its lower hardness compared to the austenite; it is easier to nucleate voids
within the soft phase. Fensin et al. [16] explained that void nucleation occurs within the
soft Cu matrix in an incipiently spalled sample of a CuNb alloy.
KAM measurements were used to assess plastic deformation within the austenite
of the SP21-2 and SP24-2 samples. Comparing KAM of these samples with that of
samples in as-received condition shows a negligible change in the deformation, shown in

(a)

Shock direction

Fig.7.5 (c) for LDX 2101 and Fig.7.5 (d) for LDX 2404.

(b)

(c)
(d)
Fig.7.5 (a) Phase and IQ maps of the SP21-2 sample, (b) phase and IQ maps of the
SP24-2 sample, (c) KAM diagrams for the austenite of the LDX 2101 samples, and (d)
KAM diagrams for the austenite of the LDX 2404 samples.
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Void nucleation predominantly occurred at the phase boundaries in both materials
(Figs.7.6 (a) and (b)). Also, a few voids nucleated at the ferrite grain boundaries (Fig.7.6
(c)) and inside the ferrite grains (Fig.7.6 (d)). KAM maps in Fig.7.6 show a considerable
plastic deformation near the voids indicating that void initiation was accompanied by
plastic deformation. Void nucleation during spallation occurs at different microstructural
features (e.g., grain boundaries) when the net stress at that feature exceeds the material’s
critical stress for void nucleation [2,17]. The net stress represents the sum of associated
micro-stresses of that feature and external applied stresses subtracted from dissipative
stresses, such as stresses associated with plastic work [13,18]. Void concentrations at the
phase boundaries in the tested materials occur because these boundaries experience a
stress concentration during the propagation of plastic and shock waves [14]. Dislocations
generated within the ferrite pile-up at these boundaries, which are stronger than the ferrite
grain boundaries [15,18], lead to a significant stress concentration, that is, associated
micro-stresses [19]. As a result, the phase boundaries are preferable locations for void
nucleation.
Plastic deformation near the voids at the phase boundaries takes two forms.
Deformation is mainly accommodated by the ferrite for voids initiated at phase
boundaries nearly perpendicular to the shock loading direction, shown in Fig.7.6 (a).
Deformation is accommodated by both the ferrite and the austenite for voids initiated at
phase boundaries nearly parallel to the shock loading direction, shown in Fig.7.6 (b). In
both cases, plastic deformation results from shear stresses that are developed due to the
differences in the mechanical and acoustical properties across the phase boundaries,
which in turn, result in a difference in the shock front velocities across the phase
boundaries [15]. In the parallel case, the developed shear stresses are considerably higher
than those in the perpendicular case causing deformation within both phases [15,21]. On
the other hand, the existence of plastic deformation next to the voids at the ferrite grain
boundaries (Fig.7.6 (c)) results from shear stresses that are generated due to a mismatch
in yield stresses across the grain boundaries. Grains with different crystallographic
orientations have different yield stresses based on their Taylor factor [21].
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Shock direction

(a)

(b)

(c)

(d)
Fig.7.6 Phase and IQ maps and KAM maps for voids nucleated at different locations in
(a) and (b) at the phase boundaries in LDX 2101and LDX 2404, respectively, (c) at the
ferrite grain boundaries in LDX 2101, and (d) inside a ferrite grain in LDX 2101. Black
areas in the phase maps and white areas in the KAM maps represent voids.
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After void nucleation, damage developed within the ferrite in both alloys. Fig.7.7
shows a crack within the ferrite of the SP21-2 sample. It initiated at the phase boundaries
where its width is the largest, marked by the white arrows in Fig.7.7 (a). Afterward, the
crack grew inside the ferrite grains and across their boundaries (marked by the yellow
arrow in Fig.7.7 (c)) with straight boundaries. This transgranular crack occurred with
considerable plastic deformation around its path, shown by KAM map in Fig.7.7 (b).
Also, the crack propagation was not random, it took place along specific directions within
grains numbered 1 and 2 in Fig.7.7 (c). The Pole Figures (PFs) of {110}, {211} and {321}
planes, which accommodate plastic deformation through the slip mechanism, and {001}
planes, which accommodate cleavage fracture [22,23], were used to determine crack
direction. The dashed lines in Figs.7.7 (c) and (d) are the traces of the cracks and the
respective solid lines are normal to these traces. As is evident from the PFs of both grains,
some of the {110} and {211} poles lie on or near the traces normal, marked by the black
circles in Fig.7.7 (d). Thus, the crack occurred along the BCC primary and secondary slip
planes [24]. This type of spall damage is characterized as ductile fracture via void growth
into microcracks, and it is similar to the ductile spall damage reported for Ti–6Al–4V
[21]. However, it differs from the classical ductile spall damage reported in copper and
tantalum that occurs via void nucleation followed by void growth, then void coalescence
along the paths characterized by significant plastic deformation [24,25].

(a)
Fig.7.7 (a) Phase and IQ maps for a transgranular ductile crack in the ferrite of the
SP21-2 sample. White arrows mark locations of the crack initiation.
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(b)

(c)

(d)
Fig.7.7 (continued) (b) KAM of the ferrite in (a), (c) orientation map of the ferrite in (a);
the yellow arrow in (c) marks the propagation of a crack through a grain boundary, and
(d) {110}, {211}, {321}, and {001} PFs of grains 1 and 2 in (c).

Fig.7.8 shows another type of spall damage in the SP21-2 sample, which is the
most common type in all incipiently spalled samples. Voids grew into cracks that
propagated within the ferrite grains (Fig.7.8 (a)) and these cracks coalesced, forming
facets. Plastic deformation around the cracks’ boundaries is uneven. For instance, in
Fig.7.8 (b), locations marked by the red arrows and the ferrite grains’ fragments inside
the crack marked by the brown ellipse experienced a negligible plastic deformation. The
PFs in Figs.7.8 (c) and (d) show that lines normal to the cracks’ traces lie on or near the
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{110}, {211} and {001} poles, marked by the black circles in Fig.7.8 (d). Based on these
crystallographic directions and the observed plastic deformation around the cracks, the
damage is characterized as a quasi-cleavage fracture. This mode of damage has properties
of both cleavage fracture (propagation along {001} planes) and ductile fracture (plastic
deformation around the crack boundaries).

(a)

(b)

(c)

(d)
Fig.7.8 (a) Phase and IQ maps for a quasi-cleavage crack in the ferrite of the SP21-2
sample, (b) KAM of the ferrite in (a), (c) orientation map of the ferrite in (a), and (d)
{110}, {211}, {321}, and {001} PFs of the grain with cracks in (c).
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Spall damage in LDX 2404 sample (SP24-2) is shown in Fig.7.9. Most of the
damage appears parallel to the phase boundaries and within the ferrite, as shown in Fig.7.9
(a). KAM map in Fig.7.9 (b) shows that the distribution of plastic deformation around the
cracks’ boundaries is uneven. Grain numbered 1 (Fig.7.9 (c)) shows a horizontal crack
with straight boundaries, and only some parts of its boundaries are surrounded by plastic
deformation. The PFs of this grain (Fig.7.9 (d)) show that the normal line to the crack
trace lies on some of the {110} and {001} poles. Thus, this crack has characteristics of
both ductile fracture (plastic deformation around some of the boundaries) and brittle
fracture (propagation along {001} planes); it is characterized as a quasi-cleavage fracture.
This crack type is also the most common in all incipiently spalled samples of LDX 2404.
In the neighboring grain, numbered 2, the oblique crack path has features of ductile
fracture. There is a considerable plastic deformation around the crack path (Fig.7.9 (b))
and the crack direction does not follow the classical cleavage fracture plane. It takes place
along the {110} and {211} slip planes, shown in Fig.7.9 (d).

(a)

(b)
Fig.7.9 (a) Phase and IQ maps for quasi-cleavage and ductile fractures in the ferrite of
the SP24-2 sample, (b) KAM of the ferrite in (a).
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(c)

(d)
Fig.7.9 (continued)(c) orientation map of the ferrite in (a), (c), and (d) {110}, {211},
{321} and {001} PFs of grains 1 and 2 in (b).

The different damage mechanisms in the incipiently spalled samples of both
alloys differ from that of the DSSs. Li et al. [14] reported that the incipient spall damage
in DSS 2205, under similar loading conditions used in this work, occurs via void
nucleation at the phase boundaries followed by growth into microcracks that propagate
either along the phase boundaries or across the ferrite grains as a brittle fracture along
{001} planes.
Moreover, some of the ferrite grains experienced deformation twins marked by
the white arrows in Fig.7.7 (c), Fig.7.8 (c) and Fig.7.9 (c). These twins are defined as
deformation twins because they do not exist in as-received samples. Because samples
tested in as-received condition showed the same spall strength of pre-compressed
samples, which did not show such a twin type, these twins have negligible effects on the
spall response of both materials. Appendix C.2 presents a detailed examination of these
twins.
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A.2. Full spall

Figs.7.10 (a) and (b) show phase and IQ maps of the rear part of the SP21-3 and
SP24-3 samples, respectively. As before, the spall damage in the fully spalled samples is
accommodated by ferrite and suppressed by austenite. By comparing the plastic
deformation within the ferrite of these fully spalled samples (KAM maps in Figs.7.10 (c)
and (d)) with the incipiently spalled samples (Fig.7.7 (b) and Fig.7.9 (c)), the former
samples show a higher density and more distributed plastic deformation. This
deformation appears in the form of dislocation substructures, marked by black arrows in
Figs.7.10 (a) and (b), which causes a considerable crystallographic rotation within the
ferrite grains. The austenite, on the other hand, experienced a negligible plastic
deformation in both materials, shown in Figs.7.10 (e) and (f), which is similar to the
samples with the incipient spall (Figs.7.5 (c) and (d)).

(a)

(b)

(c)
Fig.7.10 (a) and (b) Phase and IQ maps of the rare part of the SP21-3 and SP24-3
samples, respectively, (c) KAM maps of the ferrite in (a).

149

Chapter 7

Dynamic Tensile Failure (Spallation)

(d)

(e)
(f)
Fig.7.10 (continued) (d) KAM maps of the ferrite in (b), (e) KAM diagrams of the
austenite of the LDX 2101 samples, and (f) KAM diagrams of the austenite of the LDX
2404 samples.
Figs.7.11 (a) and (b) show orientation maps of the ferrite phase for the samples in
Figs.7.10 (a) and (b), respectively. Some of the ferrite grains, marked by the red stars,
show color gradients that reflect a considerable plastic deformation is introduced at high
peak stresses. This deformation is defined as shock-induced microstructures.
Both of the SP21-3 and SP24-3 samples experienced ductile fracture and quasicleavage fracture within the ferrite. The oblique cracks within grains numbered 1 in
Figs.7.11 (a) and (b) are surrounded by plastic deformation, as shown in KAM maps in
Fig.7.10, and they propagated along the slip planes, explained by the PFs in Fig.7.11.
These characteristics classify them as ductile cracks. The horizontal cracks within the
same grains propagated along {001} planes, as shown by the PFs, and they are surrounded
by uneven plastic deformation (Fig.7.10). Thus, they are defined as quasi-cleavage
cracks. Interestingly, these grains experienced deformations along {321}, shown by
{321} PF in Fig.7.11 (c) and (d). Thus, increasing peak stress results in the activation of
more slip systems. Moreover, these samples also show deformation twins, marked by the
white arrows in Fig.7.11 (a) and (b).

150

Chapter 7

Dynamic Tensile Failure (Spallation)

(a)

(b)

(c)

(b)
Fig.7.11 (a) and (b) Orientation and IQ maps of the ferrite of the SP21-3 sample in
Fig.7.10 (a) and the SP24-3 sample in Fig.7.10 (b), respectively, (c) and (d) {110},
{211}, {321}, and {001} PFs of grains numbered 1 in (a) and (b), respectively. The red
stars mark the ferrite grains with shock-induced deformation.

The SEM micrographs of the main fracture surfaces of the fully spalled samples
(SP21-3 and SP24-3) are shown in Fig.7.12. The fracture surface of both materials
consists of facets. They result from crack propagation inside the ferrite grains, similar to
the crack development observed in Fig.7.8. Dimples appear in limited locations on the
fracture surface, shown by the magnified images in Figs.7.12 (a) and (b). Therefore, the
limited existence of the ductile fracture features (dimples) defines the fracture surface as
a cleavage fracture. This agrees with the free surface velocity profile, the sharp slope for
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the curve after the pull-back indicates a rapid failure mechanism, that is, brittle failure
[4,26].

(a)

(b)
Fig.7.12 SEM micrographs of the main fracture surface of fully spalled samples (a) the
SP21-3 sample, and (b) the SP24-3 sample.
The absence of the ductile fracture fingerprints in the main fracture surfaces
compared to the rear parts of the SP21-3 and SP24-3 samples could result from the
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difference in the tensile stresses. Cracks in the rear parts represent secondary spall planes
that took place because of the secondary interactions for waves trapped in the rear part
[27].
Li et al. [14] reported that the fracture surfaces of fully spalled samples of DSS
2205, under similar loading conditions used in this work, form from dimples, defining
them as ductile fracture surfaces. Thus, the response of the LDXs is not similar to that of
the DSSs under incipient and full spall conditions.

B. Spall of pre-compressed samples

Samples pre-compressed to ~25% strain along the ND of both materials
experienced plastic deformation within both phases. The ferrite of both alloys shows
plastic deformation in the form of dislocation substructures. The austenite of both alloys
experienced deformation via developing dislocation substructures and stacking faults.
Only the austenite of the LDX 2101 samples experienced martensitic transformation in
the form of the Hexagonal Closed Pack (HCP) martensite and Body Centered Tetragonal
(BCT) martensite. More details about plastic deformation within both phases of both
alloys are presented in Appendix C.3.
The martensite phases could be the reason for the HEL increase in the LDX 2101
samples tested in pre-compressed condition. The formation of the martensite phases in
DSSs increases the flow stress considerably under quasi-static loading conditions [10];
thus, it is also anticipated to be the case under dynamic loading conditions because the
HEL of metals is directly proportional to quasi-static yield stress [16].

B.1. Incipient Spall

KAM diagrams in Fig.7.13 (a) show that the austenite of the SP21-4 sample
experienced a considerable plastic deformation, which is different from the samples
shocked in as-received condition. This occurs because the austenite phase is no longer the
hardest in the pre-compressed samples; instead, the martensite phases are the hardest,
leading to shared deformation between the austenite and ferrite during the shock and
release waves propagation. On the contrary, Fig.7.13 (b) shows that the austenite of the
SP24-4 sample experienced a negligible deformation increase. This happens because the
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austenite of the pre-compressed samples of LDX 2404 did not undergo martensitic
transformation and it is the hardest phase regardless of the deformation history.

(a)
(b)
Fig.7.13 KAM diagrams of the austenite (a) the LDX 2101 pre-compressed sample and
SP21-4 sample, and (b) the LDX 2404 pre-compressed sample and SP24-4 sample

Furthermore, the SP21-4 sample shows only BCT-martensite, marked by the
white arrows in Fig.7.14, with no HCP-martensite. This could occur due to the
transformation of HCP-martensite into BCT-martensite when tensile stresses developed
inside the sample. Thadhani and Meyers [28] reported that tensile stresses, which result
from the interactions of rarefaction waves, promote the formation of martensite in
metastable austenitic steels during the plate-impact experiment.

Fig.7.14. Phase and IQ maps for an area close to the center of the SP21-4 sample.
Like samples shocked in as-received condition, voids dominantly nucleated at the
austenite/ferrite phase boundaries in the SP21-4 and SP24-4 samples.
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The spall damage in the SP21-4 sample (Fig.7.15) and SP24-4 sample (Fig.7.16)
is parallel to the phase boundaries. It involves voids growing into cracks that propagate
within the ferrite grains in a transgranular mode. Afterward, cracks coalesce and form
facets inside grains, marked by the white arrows in Fig.7.15 (a) and Fig.7.16 (a). Cracks
in grains numbered 1 and 2 in Fig.7.15 (c) and the crack in grain numbered 1 in Fig.7.16
(c) are examples of this fracture type. The distribution of plastic deformation (shown by
KAM maps in Fig.7.15 and Fig.7.16) around cracks’ boundaries are uneven, and cracks
propagate inside the ferrite grains along the cleavage fracture planes {001}, demonstrated
by the PFs analyses in Fig.7.15 (d) and Fig.7.16 (d). Plastic deformation occurs along the
main slip planes in grain 1 in Fig.7.15 (b), as well as along the secondary slip planes in
grain 2 in Fig.7.15 (b) and grain 1 in Fig.7.16 (b). Therefore, these cracks exhibit brittle
and ductile features as in quasi-static cleavage fracture.

(a)

(b)
Fig.7.15 (a) Phase and IQ maps of the SP21-4 sample, (b) KAM of the ferrite in
(a).
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(c)

(d)
Fig.7.15 (continued) (c) orientation and IQ maps of the ferrite in (a), and (d)
{110}, {211}, {321}, and {001} PFs of grains 1 and 2 in (b).

(a)

(b)
Fig.7.16 (a) Phase and IQ maps of the SP24-4 sample, (b) KAM of the ferrite phase in
(a).
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(c)

(d)
Fig.7.16 (continued) (c) orientation and IQ maps of the ferrite phase in (a), and (d)
{110}, {211}, {321}, and {001} PFs of grain 1 in (b).

B.2. Full Spall

The rear part of the SP21-5 sample shows an increase in austenite deformation
during the shock and release waves propagation, shown in Fig.7.17 (a). Comparing this
increase with that of the SP21-4 sample tested at a lower peak (Fig.7.13 (a)) shows that
more plastic deformation takes place at high peak stress. Conversely, KAM diagrams of
the rear part of SP24-5 sample in Fig.7.17 (b) show that the austenite is not affected by
the propagation of shock and release waves, which is similar to the sample tested at low
peak stress (Fig.7.13 (b)).

(a)
(b)
Fig.7.17 KAM diagrams of the austenite (a) the LDX 2101 pre-compressed sample and
the SP21-5 sample, and (b) the LDX 2404 pre-compressed sample and the SP24-5
sample.
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Furthermore, the SP21-5 sample shows only BCT-martensite (Fig.7.18)
indicating HCP-martensite transformation to BCT-martensite, which is similar to the
SP21-4 sample.

Fig.7.18 Phase and IQ maps of the SP21-5 sample close to the main spall plane.

The spall damage development in the SP21-5 sample (Fig.7.19) and the SP24-5
sample (Fig.7.20) is similar to that of samples shocked at lower peak stresses with
incipient spall. For grains numbered 1 in Fig.7.19 and Fig.7.20, spall damage is defined
as a quasi-cleavage fracture based on the uneven distribution of plastic deformation
around the cracks’ boundaries (Fig.7.19 (b) and Fig.7.20 (b)) and the PFs analyses in
Fig.7.19 (d) and Fig.7.20 (d) that show crack propagations along {001} planes.

(a)
Fig.7.19 (a) Phase and IQ maps of the rear part of the SP21-5 sample.
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(b)

(c)

(d)
Fig.7.19 (continued) (b) KAM of the ferrite in (a), (c) orientation and IQ map of the
ferrite in (a), and (d) {110}, {211}, {321}, and {001} PFs of grain 1 in (b).

(a)
Fig.7.20 (a) Phase and IQ maps of the rear part of the SP21-5 sample.
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(b)

(c)

(d)
Fig.7.20 (continued) (b) KAM of the ferrite in (a), (c) orientation and IQ maps of the
ferrite in (a), and (d) {110}, {211}, {321}, and {001} PFs of grain 1 in (b).

The ductile fracture mode was not observed in the samples tested in precompressed condition. This is because of the existence of previous plastic deformation
leads to impeding void growth and thus, reduces the spall damage content, shown in Table
7.4. The significant plastic deformation in the pre-compressed samples requires more
energy to introduce new deformation compared with the samples in the as-received
condition that requires less energy to start plastic deformation. This causes the precompressed samples to accommodate spall damage preferentially via a cleavage fracture
mode.
The SEM micrographs of the main fracture surfaces of the fully spalled samples
(SP21-5 and SP24-5) are shown in Fig.7.21. The fracture surfaces are similar to those of
the samples shocked in as-received condition; they consist of facets with limited existence
for dimples. Consequently, the fracture mechanism of the main spall plane is also defined
as a brittle fracture. This finding is also supported by the free surface velocity profiles,
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samples shocked in as-received and pre-compressed conditions show similar fracture
development rates.

(a)

(b)
Fig.7.21 SEM micrographs of the main fracture surface of fully spalled samples (a)
SP21-5 sample, and (b) the SP24-5 sample.

Shock-induced deformation within the ferrite of the SP21-3 and SP24-3 samples
is not the reason for increasing their spall strengths compared to those of the SP21-2 and
SP24-2 samples. This is because the pre-compressed samples experienced more plastic
deformation during the pre-compressing process, but they showed the same spall strength
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of those in as-received condition at a given peak stress. Also, the deformation within the
ferrite near the cracks in the samples tested at the highest peak stress with full spall (SP215 and SP24-5 samples) is comparable to that of samples tested at a lower peak stress with
incipient spall damage (SP21-4 and SP24-4). This indicates that a negligible shockinduced deformation was generated at high peak stresses in the pre-compressed samples.
The influence of peak stress, as a loading parameter, on the tensile stress history could be
the reason for the increasing spall strength with peak stress increases in both testing
conditions [1]
Because cracks in both materials propagate within the ferrite and stop at the
austenite/ferrite phase boundaries, the high fraction of the phase boundaries in LDX 2404
(as explained in Chapter Four) could be the reason for making LDX 2404 has a higher
spall strength than LDX 2101 at the same loading conditions.
The similarity of spall damage mechanisms for samples tested in as-received and
pre-compressed conditions, which involve voids nucleation at the austenite/ferrite phase
boundaries then voids growing into facets within the ferrite phase, makes the spall
strength independent of deformation history. This is because spall strength is governed
by the early stages of damage initiation and growth [14].
It is worth noting that the shocked pre-strained samples did not show mechanical
twins in the ferrite grains. This phenomenon likely occurs due to pre-compressing effects;
introducing plastic deformation could suppress twins formation in BCC alloys under
shock loading [29,30]. The existence of uniform plastic deformation in the form of
dislocations makes plastic deformation accommodation via slip mechanism easier than
twinning because of the availability of potential dislocation sources through the cross-slip
mechanism [31].

7.4. Summary
This chapter discussed the spall response and the concomitant microstructural
changes of LDX 2101 and LDX 2404 at peak stresses in the range of 3.0-7.0 GPa.
Samples were shocked in as-received and pre-compressed (at 10-3 s-1 strain rate to ⁓25%
strain) conditions. The following points summarize the main findings of this chapter:
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The HEL of both materials is independent of peak stress. Only the HEL of
LDX 2101 samples shocked in pre-compressed condition increases with
introducing plastic deformation. This is because of the existence of martensite
phases that form from compressing the material quasi-statically prior to shock
loading.

-

The spall strength of both materials increases with increasing peak stress.
However, spall strength is independent of deformation history because of the
similarity in the main damage mechanisms for samples shocked in as-received
and pre-compressed conditions.

-

The spall strength of LDX 2404 is higher than that of LDX 2101 because of
the high fraction of the phase boundaries in the former material.

-

Spall damage for both materials and both testing conditions takes place within
the ferrite and parallel to the phase boundaries for samples with incipient spall.

-

Quasi-cleavage fracture is the dominant fracture mode for samples with
incipient spall; cleavage fracture is the dominant mod for samples with full
spall. Moreover, samples of both materials shocked in as-received condition
show a transgranular ductile fracture.
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8. Conclusions and Suggestions for Further
Work
8.1. General
This study focused on investigating the mechanical responses and concomitant
microstructural changes of two Lean Duplex Stainless Steels 2101 and 2404 (LDX 2101
and LDX 2404) under different loading conditions. The motivations for this work are the
lack of research on microstructural evolution and mechanical properties of LDX 2101
and LDX 2404 and expanding our knowledge on the mechanical responses of dual phase
steel alloys under uniaxial strain loadings.
Mechanical behaviors of LDX 2101 and LDX 2404 were studied under two
conditions: uniaxial stress and uniaxial strain (shock) conditions. In the former condition,
plastic anisotropy of both alloys along the Rolling Direction (RD) and the Transverse
Direction (TD) under quasi-static loading was assessed, as well as their dynamic
compressive responses at different strain rates were investigated. In the latter condition,
microstructural changes of the constituent phases of these alloys under shockcompression were assessed in the 9.0 to 19.0 GPa range, as well as their spall response
under different deformation histories at peak stresses vary from 3.0 GPa to 7.0 GPa were
examined. The following sections present the main conclusions and suggestions for future
work.

8.2. Conclusions
8.2.1. Plastic Anisotropy under Quasi-static Loading
•

Both materials showed anisotropic responses; the proof stress along the TD
was ~10% higher than that along the RD.

•

For LDX 2101, the localization of plastic deformation within the austenite,
phase boundaries morphology, and grain shape were the reasons for this
anisotropy at low strains (< 30% strain). Whereas, localization of
deformations within the Hexagonal Closed Packed (HCP) martensite, which
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resulted from the transformation of the austenite phase, was the reason for this
anisotropy at high strains.
•

For LDX 2404, the strong texture of the ferrite and the phase boundaries
morphology were the reasons for the TD having the highest flow stress at low
strains (< 45% strain). The uneven strain partitioning between the constitutive
phases was the reason for making the flow stress along the RD higher at high
strains.

8.2.2. Strain Rate Effects on the Dynamic Compressive Response
•

LDX 2101 showed a higher increase in the flow stress with increasing strain
rate because of the concentration of plastic deformation within the hard
austenite phase.

•

LDX 2101 showed a higher work-hardening rate than LDX 2404 at 0.001 s-1
because of the transformation of the austenite to the HCP-and BCT-martensite
(i.e., the TRIP mechanism) and the formation of mechanical twins within the
BCT-martensite.

•

The ferrite phase of both materials deformed via dislocation slip regardless of
strain rate.

•

The austenite phase of LDX 2101 deformed by dislocation slip, stacking
faults, and martensitic transformations at a quasi-static strain rate. It deformed
by dislocation slip and stacking faults at high strain rates. The austenite phase
of LDX 2404 underwent deformation in the forms of dislocation substructures
and deformation bands regardless of strain rate.

8.2.3. Shock-compression Loading
•

The Hugoniot Elastic Limit (HEL) of both alloys was independent of the
compressive peak stress; it is ~1.9 GPa for LDX 2404 and ~1.5 GPa for LDX
2101.

•

The ferrite phase of both alloys did not undergo the reversible ferrite to
martensite (𝜀) transformation up to 14.3 GPa, and it deformed through
dislocation slip. Above 18 GPa, it deformed through dislocation slip,
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mechanical twinning ({112}<111> twins), and the reversible ferrite to
martensite transformation that had a microstructural fingerprint in the form of
{332}<113> twins.
•

Quasi-static compressive testing showed that samples of both materials
shocked above 18 GPa experienced considerable enhancement in the flow
stresses compared to samples shocked below 18 GPa and samples in asreceived conditions.

8.2.4. Dynamic Tensile Failure (Spallation)
•

The HEL of both materials was independent of peak stress, but only the HEL
of LDX 2101 was dependent on the deformation history. It increased from
~1.5 to ~2.1 GPa by introducing plastic deformation because of the martensitic
transformation.

•

The spall strength of both materials increased with increasing the peak stress
due to the effect of peak stress on the tensile stress history.

•

The spall strength of LDX 2404 was higher than that of LDX 2101 because of
the high fraction of phase boundaries in the former material.

•

The spall damage for both materials took place within the ferrite and hindered
at the phase boundaries in as-received and pre-compressed conditions.

•

Spall damage in both materials for samples with incipient spall was
characterized as a quasi-cleavage fracture. For samples with full spall, spall
damage was defined as a cleavage fracture.

8.3. Suggestions for Further Work
Mechanical anisotropy for LDX 2101 at high strains was related to the
concentration of deformation within HCP-martensite. However, HCP-martensite
formation was hindered at high strain rates due to the adiabatic heat effects. Therefore, it
is important to understand mechanical anisotropy at high strain rates and how the absence
of HCP-martensite can influence this.
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In both alloys, the bulk mechanical response was found to be dependent on the
mechanical properties of each phase individually and load/strain partitioning between the
phases. In-situ EBSD tensile/compressive testing is needed to understand how each phase
contributes to the bulk response and how the interactions between them vary as a function
of strain and strain rates.
The spall response of both alloys was studied under constant pulse duration and
release rate. These loading parameters could influence the spall damage mechanisms and
spall strength due to their effects on the tensile stress history and shock-induced
microstructures. As a result, plate-impact experiments are recommended to be performed
to understand the impact of these parameters on spallation by using different
combinations of flyer plate and target thicknesses.
In the pre-compressed samples of LDX 2101, martensite phases volume fractions
were not as significant as the parent austenite and ferrite. Studying the spall response of
samples with considerable martensite phases volume fractions, as in new DSS grades that
could experience the transformation of entire austenite to martensite phases, would be of
great interest to develop TRIP steels for applications that involve shock loadings, such as
military and aerospace applications.
The studied alloys are suitable candidates to be used in some parts of nuclear
reactors because of their excellent mechanical and corrosion properties. However, a
limited number of studies are available regarding irradiation effects on their mechanical
properties. Studying the mechanical responses and microstructural changes of such alloys
using ion irradiation could expand their usage in this industry.
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Appendix A.1: Materials certification (LDX 2101)

Appendix A.1: Materials certifications (LDX 2404)

Appendix A.2: Limitations of Using Conventional SHPB in Testing Stainless Steel
Alloys
Fig. A.2 (a) and (b) show experimental results of LDX 2101 and 316L using
conventional SHPB, testing these materials without pulse shapers leads to neither force
equilibrium nor constant strain rate. This is due to the significant strain-hardening
response in these materials, the flow stress of both materials increases between the yield
point and 15% strain by about 40% and 70% for LDX 2101 and 316L, respectively.
Examining the strain rate vs. strain profiles for both materials in Fig. A.2 (a) and (b)
indicates a considerable variation in the strain rate during the test due to strain hardening
effects. For LDX 2101, the strain rate is initially 2400 s-1 and decreases to 1400s-1. The
fluctuation in the strain rate for 316L is more significant, initially 2200 s-1 and dropping
to 800 s-1. These variations (high to low strain rates) occur because the materials yield
while the incident pulse is still rising. After yielding, the material experiences a sudden
drop in stiffness while the incident pulse continues to rise, causing the initial jump in the
reflected pulse. Fig. A.2 (c) shows the time when the material starts to yield based on the
transmitted pulse, which indicates the tested material’s stress-state, and the corresponding
location on the incident pulse, as indicated by the black circle and triangle, respectively.
After yielding, the incident pulse continues to rise for another 5 µs, causing the initial
jump in the reflected pulse. When the incident pulse reaches a maximum amplitude (at
25 µs), the stiffness of the material has a positive slope due to strain hardening, while the
incident pulse has an approximate zero slope. This creates the near-linear drop in the
reflected pulse, i.e. strain rate, for the remaining duration of the test. Therefore, it is
crucial to modify the profile of the incident pulse to be similar to the transmitted pulse in
order to have a constant strain rate.

(a)

(b)

(c)

Fig. A.2 Strain rate, 1-wave analysis and 2-wave analysis vs. strain in the
classical SHPB test for (a) LDSS 2101, (b) 316L and (c) the recorded pulses on the
bars for Fig. 1 (a) after shifting to start at the same time.

Appendix A.3: Examples cases for how the pulse shaper dimensions should be modified based on the profile of the Reflected Pulse (RP).
Modified pulse

Pulse shaper
No.

dimensions (d
x t) (mm)*

Reflected pulse profile

shaper
dimensions (d x t)

Reflected pulse profile

The procedure to modify the pulse shaper dimensions.

(mm)*
From the initial RP profile there is reduction in the pulse
amplitude with time therefore, the incident pulse should

1

(9.5X1.0)

(10.5X1.7)

have a steeper stage two. Thus, the thickness should be
increased. Significant increase in the thickness led to a drop
in the starting point of stage two and as a result, the
diameter was also increased.
From the initial RP profile, the initial stage has low
amplitude, indicating the starting point of stage two in the

2

(8.6X1.0)

(10.5X1.0)

incident pulse should be higher. Therefore, the diameter of
pulse shaper was increased. The increase of the diameter
was not significant therefore, thickness change was not
necessary compared to case 1.
From the initial RP profile, the initial stage has high
amplitude, indicating the amplitude of the starting point of

3

(7.5X1.5)

(6.5X1.5)

stage two should be lower. Therefore, the diameter of pulse
shaper was reduced. The reduction in diameter was not
significant therefore, thickness change was not necessary
compared to case 1.

* d: pulse shaper diameter, t: pulse shaper thickness

Appendix A.4: Using LDX 2101 as a pulse shaper to test LDX 2404.

Strain rate, 1-wave analysis and 2- wave analysis vs. strain for LDX 2404 at low impact
velocity (using pulse shaper (D = 6.5 mm, T =1.5 mm, Vimp = 2.5 m/s and lsk =660.4
mm).

Strain rate, 1-wave analysis and 2- wave analysis vs. strain for LDX 2404 at low impact
velocity (using pulse shaper (d = 10.5 mm, t =1.7 mm, Vimp = 11.7 m/s and lsk =304.8
mm).

Appendix A.5: Using LDX 2101 as a pulse shaper to test 316L austenitic stainless
steel.

Strain rate, 1-wave analysis and 2- wave analysis vs. strain for 316L at low impact
velocity (using pulse shaper (d = 6.5 mm, t =1.45 mm, V = 11.6 m/s and lsk =304.8 mm).

Strain rate, 1-wave analysis and 2- wave analysis vs. strain for 316L at high impact
velocity using pulse shaper (d = 8.3 mm and t= 0.8 mm) (Vimpa = 24.6 m/s and lsk
=228.6 mm).

Appendix B.1: Dimensions of the target assembly for shock-compression experiment.

Impact direction

Appendix C.1: Dimensions of the target assembly for spallation experiment.

Impact direction

Appendix C.2: Characterization of deformation twins in the samples tested in asreceived condition with incipient spall.
Deformation twins that appeared in the shocked samples with incipient spall
damage are needle-shaped with a thickness equal to or less than 1 μm. Fig.C.2-1 (a) shows
an example of these twins, PFs of the twin and the parent grain, Fig.C.2-1, were used to
characterize the twin plane, K1, and direction, 𝜂1. PFs of {211} and {111} planes have
overlapping poles, marked by the green circles, this indicates that this twin is either {211}
<111> or {111} <211>. Because the long axis/boundary of the twin is parallel to the
normal of {211} plane trace, it strongly suggests that the twin plane is {211}, and the
direction is <111>. This is also confirmed through defining the misorientation angle
between twin boundaries and the parent grain, it is determined to be ⁓60o about <111>
direction or a Σ3 boundary, which corresponds to {211} <111> twins in BCC steels. The
source of these twins cannot be the compressive shock loading because samples shocked
at higher peak stresses and with a longer pulse duration did not show mechanical twins
as illustrated in Chapter Six. Also, these twins were mainly formed in the grains that
experienced spall damage as marked by the red arrows in Fig.C.2-2. As such, our results
indicated that these twins are caused by the dynamic tensile stresses developed during
spallation. During a fast crack propagation in metals, a significant localized strain rate
can take place and it could only be accommodated through twining 1.

(a)
Fig.C.2-1(a) Magnified orientation map of ferrite showing a deformation twin.

1

A.F. Liu, Mechanics and mechanisms of fracture: an introduction, 1st ed., 2005.

(b)
Fig.C.2-1(continued) (b) {211} and {111} PFs of the twin and its parent grain in (a).

Fig.C.2-2 Orientation map of the ferrite of the SP21-2 sample. Red arrows mark
deformation twins.

Appendix C.3: Pre-compressed samples of LDX 2101 and LDX 2404
Samples pre-compressed to ⁓25% strain show plastic deformation within both
phases. In LDX 2101, the ferrite phase accommodated deformation in the form of
dislocation substructures, marked by the black arrows in Fig.C.3-1. Deformation within
the austenite phase appears as dislocation substructures and deformation bands. These
bands appear as stacking faults bundles, oblique dark lines inside the austenite phase, and
martensite phases, Hexagonal Closed Pack (HCP) martensite and Body Centered
Tetragonal (BCT) martensite, as shown by the enlarged EBSD map in Fig.C.3-1. The
BCT-martensite, which has similar lattice parameters to the ferrite, is distinguished using
IQ map as explained in Chapter Four.

Fig.C.3-1 Phase and IQ maps of LDX 2101 sample deformed at 0.001 s-1 strain rate to
⁓25% strain.

Pre-compressed samples of LDX 2404 also show plastic deformation within both
phases as shown in Fig.C.3-2. However, the austenite deforms only through dislocation
slip and stacking faults bundles without any phase transformation. This occurs because
the austenite of LDX 2404 is more stable than that of LDX 2101 as demonstrated in
Chapter Four.

Fig.C.3-2 Phase and IQ maps of LDX 2404 sample deformed at 0.001 s-1 strain rate to
⁓25% strain.

