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ABSTRACT 

 

Study on Metal Instability Using Stress Wave Propagation Technique 

 

 

 

Bahman Paygozar 

Master of Science, Mechatronics Engineering 

Supervisor: Assist. Prof. Dr. Shahram A. Dizaji 

Co-Supervisor: Assist. Prof. Dr. Omer Music 

 

August, 2021 

 

This thesis aims to investigate the necking phenomenon in the metal samples in 

response to the loading speed. Several experiments with three repetitions were 

conducted in order to investigate the loading speed on the mechanical behavior of the 

samples. Two different kinds of steel (i.e. DKP and stainless steel 304) were utilized 

with two different thicknesses as 1 and 2 mm, respectively. Dimensions used in the 

manufacture of the samples, which would be tensile tested in different strain rates, 

were chosen according to ASTM-E8. Numerical simulations and validation procedure 

were conducted in a commercial finite element package, ABAQUS/Explicit. Validated 

finite element processes were used to expand the domain of the study to predict the 

location of the necking in the samples under various loading rates. Stress analyses were 

performed to investigate the stress propagation inside the samples along with the strain 

propagation values to determine the onset of necking. Several load-displacement 

diagrams were plotted to indicate the changes in loading history of the samples in 
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different loading rates. Theoretical backgrounds and the formulation for the necking 

phenomenon and stress wave propagation, were also studied. It was found out that the 

stress propagation technique is more powerful than other prevalent techniques. The 

advantage of the method is its capability in the simulation of necking and the prediction 

of its location in the samples under high rate loading. It can also consider the transition 

from dimple failure to slip failure obtained from post-necking investigations. 

 

Keywords: Necking; loading rate; stress wave propagation; Numerical models.  
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ÖZET 

 

Gerilim Dalgası Yayılımı Tekniği ile Metal Yetmezliğinin Araştırılması 

 

 

Bahman Paygozar 

Master of Science, Mekatronik Mühendisliği 

Tez Yöneticisi: Dr. Öğr. Üyesi Shahram A. Dizaji 

Ortak Tez Yöneticisi: Dr. Öğr. Üyesi Omer Music 

 

 

Ağustos, 2021 

 

Bu tez, yükleme hızına tepki olarak metal numunelerdeki boyunlaşma olgusunu 

araştırmayı amaçlamaktadır. Numunelerin mekanik davranışları üzerindeki yükleme 

hızını araştırmak için üç tekrarlı birkaç deney yapıldı. Sırasıyla 1 ve 2 mm olmak üzere 

iki farklı kalınlıkta iki farklı çelik türü (DKP ve paslanmaz çelik 304) kullanılmıştır. 

Farklı gerinim hızlarında çekme testi yapılan numunelerin imalatında kullanılan 

boyutlar ASTM-E8'e göre seçilmiştir. Sayısal simülasyonlar ve doğrulama prosedürü, 

ticari bir sonlu eleman paketi olan ABAQUS/Explicit'te gerçekleştirilmiştir. 

Doğrulanmış sonlu eleman işlemleri, çeşitli yükleme oranları altında numunelerdeki 

boyunlamanın yerini tahmin etmek için çalışma alanını genişletmek için kullanıldı. 

Numunelerin içindeki gerilme yayılımını araştırmak için gerilme analizleri ve 

boyunlanma başlangıcını belirlemek için gerinim yayılma değerleri yapıldı. Farklı 

yükleme hızlarında numunelerin yükleme geçmişindeki değişiklikleri göstermek için 

birkaç yük yer değiştirme diyagramı çizilmiştir. Teorik arka planlar ve boyun atma 
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fenomeni ve gerilim dalgası yayılımı için formülasyon da incelenmiştir. Gerilim 

yayılım tekniğinin diğer yaygın tekniklerden daha güçlü olduğu tespit edildi. 

Yöntemin avantajı, boyunlaşma simülasyonunda ve yüksek oranlı yükleme altında 

numunelerdeki konumunun tahmininde yeteneğidir. Ayrıca boyun verme sonrası 

araştırmalardan elde edilen gamze türü kırılmasından kesme türü kırılmasına geçişi de 

incelenmiştir.  

 

 

 

Anahtar Kelimeler:  Boyun verme; yükleme hızı; gerilim dalgası yayılımı; sayısal 

model. 
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CHAPTER 1 

 

INTRODUCTION 

 

Stress waves are a sort of acoustic waves which travels at a finite velocity inside solid 

materials. Any type of stress apllied on a material will impose disequilibrium inside 

the material, thereby moving and adjusting of the particles inside the material. 

Theoretically a material can be categorized into two types, based on its responses to 

whether the medium, in which stress waves are propagated, can be considered to obey 

Hooke's Law or not. Experimental methods are almost the same when either elastic or 

anelastic solids are investigated if the material obeys Hooke's Law. They are utilized 

to test the validity of the theories as well as acquiring several material properties (C. 

Liu et al., 2020). On the other hand, when the material does not obey the Hooke's Law, 

experiments plays another significant role. They are used to find theoretical responses 

approximately. In that case, if the deformation is small enough, Hooke's Law can again 

be beneficial in the approximate determination of the behaviour of the material.  

1.1 Motivation 

The ductility and brittleness of the materials can be considered as a sensible factor for 

the categorization of the material failure into two main groups, ductile and brittle types, 

respectively. Fracture can be stemmed from two different sources, comprising physical 

parameters of the materials in atomic levels or materials’ phenomenological 

parameters.  

Plastic deformation of the material has a crucial role in the fracture, especially while 

using high levels of the loading which causes the materials to experience the high 

levels of stresses and strains. This fact makes the problem more complicated due to 

non-uniform behavior of the materials in the plastic domain, at which stress/strain 

relationship is affected by the necking phenomena and hardening as well. The 

ambiguous nature of the necking mechanism by which the behavior of the material is 

different in two domains, before and after necking’s occurrence, and the dependence 
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of the phenomena on several parameters, all increase the need for studying the issue 

more intensively.  

1.2 Research background  

Metal sheets are mostly exposure to loads for which the material enter to the plastic 

domain of deformation- in other words, the material should experience huge levels of 

strain or even necking phenomenon while the augmentation of the loads occurs. 

Necking point of the plastic deformation at each material has special importance 

considering the relationship between the issue and ultimate strength of the material by 

which one of them can be found with knowing the other one through the stress/strain 

curve as routine in the literature. This criterion can widely be used in low speed of 

loading, whereas the fact would be change with increasing the speed of loading, with 

the knowledge that the stress waves affecting the material behavior interferes the 

material’s deformation speed, by which the deformation speed tends to rise in order to 

follow or reach the stress wave which leads to abrupt failure of the material in an 

almost arbitrary location in the samples (Christopher & Choudhary, 2018).  

Stress wave propagation is a highly valued concept relating to the sound speed of each 

material. Sound speed of each material is a characteristic of that material which is a 

function of density and Young’s modulus. While loading a sample made of metallic 

materials, different kinds of waves (either transmitted or reflected) will be imposed or 

created inside the material including longitudinal, surface, etc. (Zukas, 1990). These 

waves can be classified into different groups according to several criteria like plastic 

or elastic waves or even reflected ones. The effects of each kind of wave can gain 

interests to be surveyed, however, the influence of longitudinal waves outweigh the 

others.  

The loading intensity affects the power of the imposed waves, by which the material 

can be affected in a variety of modes, such as necking, rupture or even spallation. In 

addition to the shape of the deformation, the occurrence location is a function of the 

loading rate, for which the middle of the tensile test sample shown while quasi-static 

loading shifting to the loading location with increasing the speed of loading.  
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1.3 Scope of thesis  

This study is to provide a general knowledge regarding the estimation of possible 

location and time of necking phenomena which varies as a function of loading rates. 

This fact can help analyze the deformation in the high-speed loadings and predict the 

failure in the samples. At the end of the project, there will be an experimentally 

validated finite element procedure to predict the necking under different loading 

speeds. The method in use during this study is stress wave propagation which is 

conducted in the explicit environment of a commercial finite element package. The 

advantage of the new method is that there will be no assumptions like previous voids, 

or previous slots like M-K model to be able to find the necking place or time. 

Furthermore, the new method is free of the errors caused by the linearization 

techniques used by the theoretical models like Hill-Swift model for sheet metals. The 

last advantage of the new model will be its applicability for all kind of geometry and 

loading rates. For example, there are some models only suitable for sheet metal 

forming or only for bulk forming in quasi static conditions. There are some other 

models used for the special type of the materials like steels where the new method 

consists all types of materials and loading conditions. 
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CHAPTER 2 

 

LITERATURE SURVEY 

 

Waves created inside the materials as a response to a loading are called Stress Waves. 

The types of loading is important in the creation of the stress waves. In spite of static 

loading, the dynamic loading acts on a structure for a very short period of time, due to 

which the magnitude can be larger than that of static loading. In a dynamic loading, 

the small impulse loading cause the mathematics to become complex (Borisov & 

Mamaev, 2018). This is why, analyzing such an event can be done in terms of stress 

wave propagation, instead of kinetic energy. Dynamic phenomenon are based on two 

main concept; the rate at which the event changes and the fact that the deformation 

moves at a finite speed. These imply the strain rate and stress wave propagation, 

respectively (Hahn, 2013). In general, the stress wave based methods include the 

propagation of elastic waves inside solids. The waves can be of various types like 

compression (P) waves and shear (S) waves in the solid, and surface waves or Rayleigh 

(R) waves along the surface (Blitz & Simpson, 1995; Kundu, 2007).  

Materials’ mechanical properties as well as the geometry of the samples governs the 

wave propagation inside solid materials. Taking account of simplicities, two common 

sorts of geometry including rods and plates are used in investigations. Rods enduring 

uniaxial stresses can experience elastic longitudinal, shear and torsional waves. The 

elastic wave propagation in materials can continue up to elastic limit and then runs in 

both elastic and plastic forms. The magnitude of travelling stress wave is governed by 

both material failure and its plasticity. In this regard, the plates can be utilized in order 

to have larger levels of stress.  

2.1 Elastic stress waves      

While having motion in a material and resultant displacement of the particles, a force 

causes the particles to return to their initial locations, thereby creating elastic stress 

waves. For instance, a gas can be considered as an elastic medium, in which sound 



5 
 

waves can be transmitted (Haddad, 2000a). The elastic waves can propagate inside 

solids, liquids and gases. When an elastic wave propagates inside a material the energy 

released of elastic deformation transferred in the absence of a flow of matter. Elastic 

waves can be of several shapes including plane, spherical, or cylindrical waves. 

(Kolsky, 1963).  

Longitudinal and distortional (shear) elastic stress waves are two most prevalent sorts 

of them. In the former, the motion of the particles is back and forth along the direction 

of wave propagation and the velocity of the particles is parallel to the wave velocity. 

In the distortional types the movement is up and down and perpendicular to the wave 

velocity.  

2.1.1 Common types of elastic stress waves 

Elastic stress waves, either longitudinal and shear waves, are those that initiate in solid 

materials loaded in elastic domain, i.e. the experienced stress is smaller than the 

material’s yield strength. In the longitudinal waves the particles of the materials move 

in the same direction as the incident wave, as shown in Figure1-a (M.A. Meyers, 

1994). On the other hand, a transverse (shear) wave initiates when the particles of 

materials move perpendicularly to the wave front (Figure 2.1-b). Such waves, created 

by shear stresses endured in the materials, propagate through the materials (M.A. 

Meyers, 1994). Thus, such waves are dangerous for the materials of low shear 

modulus. Wave speeds inside different materials are gathered in Table 2.1.  

  
(a) (b) 

Figure 2.1 Illustration of stress wave propagation, (a) longitudinal waves, and (b) shear 

waves. The terms W.M. and W.F. are referred to as wave movement and wave front.  

 

Table 2.1 Wave velocities inside several materials (Macaulay, 1987). 

Wave type Velocities of elastic wave (m/s) 

 Steel Aluminum Iron Glass Copper Air 

Longitudinal 5000 5000 3900 5250 3650 340 

Transversal 3200 3050 2450 3200 2250 - 
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2.1.2 Analysis of elastic stress waves 

Propagation of the waves is a complicated phenomenon which fast results in difficult 

models and mathematics. An elastic wave propagating inside a material is a somewhat 

simple case because the material behaves linearly. Given an impact between two rods, 

one rod in rest and another approaching with a velocity v, one can derive the one-

dimensional stress wave equation (Leppänen, 2004).  

Given Newton’s second law 𝐹 = 𝑚𝑎, constitutive laws, the rod’s equilibrium and 

compatibility (Figure 2.2), the one-dimensional wave equation can be driven 

(Leppänen, 2004).  

 

Figure 2.2 Stress were imposed to a rod after impact (Wasley, 1973).  

𝐴
𝜕𝜎𝑥𝑥

𝜕𝑥
𝛿𝑥 = 𝜌𝐴𝛿𝑥

𝜕2𝑢

𝜕𝑡2
 (1) 

A is the cross-sectional area, 𝜌 is the density of the rods, 𝜎𝑥𝑥 is the compressive stress, 

𝛿𝜎𝑥𝑥is the stress variation in the specimen and 
𝜕2𝑢

𝜕𝑡2  is the acceleration where u is the 

displacement in x-direction (Leppänen, 2004; Macaulay, 2011). Equation 2 shows 

Hooke’s law, as follows: 

𝜎𝑥𝑥 = 𝐸휀𝑥𝑥,  where  휀𝑥𝑥 =
𝜕𝑢

𝜕𝑥
 (2) 

By using Eqs. 1 and 2, last form of the wave equation can be found, as follows: 

𝜌
𝜕2𝑢

𝜕𝑡2
= 𝐸

𝜕2𝑢

𝜕𝑥2
 (3) 

𝜕2𝑢

𝜕𝑡2
= 𝑐2

𝜕2𝑢

𝜕𝑥2
 (4) 

c is the velocity of the propagating wave. In Equation 5 the expression for longitudinal 

c and transversal wave velocity c, is expressed. 
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𝑐 = ±√
𝐸

𝜌
     and    𝑐𝑇 = ±√

𝐺

𝜌
 (5) 

The general solution to Equation 3 is presented in Equation 6 (Macaulay, 1987). 

𝑢 = 𝑓(𝑥 − 𝑐0𝑡) + 𝐹(𝑥 + 𝑐0𝑡) (6) 

The solution represents two waves propagating in the opposite direction with equal 

wave velocity 𝑐0. The terms “f “ and “F” describe the shapes of the two waves which 

propagate in the material (M.A. Meyers, 1994). Both f and F are dependent on the 

initial conditions of the system.  

In two- or three dimensions the mathematics can be more complicated. However, for 

the linear elastic case the general partial differential equation for three dimensions can 

be written as in Equation 7.  

𝜕𝜎𝑖𝑗

𝜕𝑥𝑗
= 𝜌

𝜕2𝑢𝑖

𝜕𝑡2
 (7) 

The propagation of both transversal and longitudinal waves can be derived from the 

equation above (M.A. Meyers, 1994). The longitudinal and transversal wave velocities 

in three dimensions can be described with Equation 8, as follows: 

𝑐 = √
𝐸(1−𝜐)

(1+𝜐)(1−2𝜐)𝜌
     and  𝑐𝑇 = 𝑐𝐿√

(1−2𝜐)

2(1−𝜐)
 (8) 

The velocity equations slightly differs from the one-dimensional formulation, since 

the velocity also depends on Poisson’s ratio (M.A. Meyers, 1994). 

2.1.3 Elastic wave reflection 

A stress wave while passing from one medium to another, will be reflected and 

refracted at the material’s boundary (Figure2.3). The waves can be categorized into 

three main groups as incident wave (I), transmitted wave (T), and a reflected wave (R) 

(M.A. Meyers, 1994). A different acoustic impedance of second medium is the reason, 

due to which aforementioned phenomenon happen (Lempriere, 2003). A larger 

difference in the impedances can result in a greater reflected wave and a smaller 

transmitted wave. In addition, the summation of the reflected and transmitted waves 
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must be equal to the incident wave. The acoustic impedance is the product of the 

density, and the elastic wave velocity of the material. 

It is very hard to solve such problems with this theory because there is no information 

regarding the system’s inner energy. So, a feasible way to solve the problem is to use 

the theory of wave propagation. It is worth mentioning that, the wave velocity is 

always larger than that of particle velocity 𝑈𝑃. After impact the incident wave is 

divided in two new waves, one reflected which goes back in to the first material and 

one transmitted wave which propagate into the next material.  

 

Figure2.3 Demonstration of one rod impacting another. 

The expression for the incident, reflected and transmitted stresses and particle velocity 

are derived from the impulse Equation 9. The impulse I, equals the change of 

momentum in the system (Leppänen, 2004). In the following formulation, subscripts 

I, R, T, P, A, and B are respectively referred to as incident, reflected, transmitted, 

particle, impacting material, and impacted material.  

𝐼 = ∫ 𝐹(𝑡)𝑑𝑡 = 𝑚 ∫ 𝑑𝑣
𝑣

0

= 𝑚𝑣𝑒 − 𝑚𝑣0

𝑡

0

 (9) 

Before the wave has passed in any given point, the velocity in that point is equal to 

zero. This means that when the wave has passed this given point the change in particle 

velocity is equal to the particle velocity 𝑈𝑝, this can be written as in Equation 10.  

𝐼 = 𝑚∆𝑈𝑝 = 𝑚𝑈𝑝  (10) 

By considering 𝑚 = 𝜌𝑉 = 𝜌𝐴𝑑𝑥.  
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𝜎𝐴𝑑𝑡 = 𝜌𝐴𝑑𝑥𝑈𝑝 (11) 

𝜎 = 𝜌
𝑑𝑥

𝑑𝑡
𝑈𝑝 = 𝜌𝑐𝑈𝑝    and    𝑐 =

𝑑𝑥

𝑑𝑡
 (12) 

As seen in Equation 12, the stress no longer depends on the cross-sectional area of the 

rod, it depends on the density of the material, wave velocity and the particle velocity. 

In the one-dimensional case there is no energy loss during propagation of the wave, 

which means that when the wave goes from material A to material B there is no energy 

loss. Therefore, the incident and reflected stress need to be equal to the transmitted 

stress (Leppänen, 2004). This phenomenon can be written as in Equation 13.  

𝜎𝐼 + 𝜎𝑅 = 𝜎𝑇 (13) 

The particle velocity needs to fulfil the same condition as the transmitted and reflected 

stress which results in the statement in Equation 14.  

𝑈𝑝𝐼 + 𝑈𝑝𝑅 = 𝑈𝑝𝑇  (14) 

The acoustic impedance is often known as the multiplication of the density and the 

elastic wave velocity of the material (Macaulay, 2012). By using the equations above 

it is possible to calculate the stress or the particle velocity for the system in Figure 4b 

(Sharman, 1988).  

From Equation 13, combined with the known acoustic impedance it is possible to 

calculate the incident, reflected and transmitted particle velocity for the system in 

Figure 4b.  

𝑈𝑝𝐼 =
𝜎𝐼

𝜌𝐴𝑐𝐴
  (15) 

𝑈𝑝𝑅 =
−𝜎𝑅

𝜌𝐴𝑐𝐴
  (16) 

𝑈𝑝𝑇 =
𝜎𝑇

𝜌𝐵𝑐𝐵
  (17) 

The incident, transmitted and reflected stress can be calculated by using equations (15), 

(16) and (17) in Equation 14.  
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𝜎𝐼

𝜌𝐴𝑐𝐴
−

𝜎𝑅

𝜌𝐴𝑐𝐴
=

𝜎𝑇

𝜌𝐵𝑐𝐵
  (18) 

From Equation 18, it is easy to see that the stresses in the material are highly dependent 

on the acoustic impedance (𝜌𝑐). It is also possible to rewrite the expression so that the 

reflected and transmitted stress is a function of the incident stress, as follows:  

𝜎𝑇 =
2𝜌𝐵𝑐𝐵

𝜌𝐴𝑐𝐴+𝜌𝐵𝑐𝐵
 . 𝜎𝐼   (19) 

𝜎𝑅 =
𝜌𝐵𝑐𝐵−𝜌𝐴𝑐𝐴

𝜌𝐵𝑐𝐵+𝜌𝐴𝑐𝐴
 . 𝜎𝐼  (20) 

Taking account of specimens used in this study, the stress waves propagated in the 

samples has a shape as shown in Figure 2.4. It can be seen that the amplitude and the 

frequency of a stress wave increases due to decreasing its wavelength, with the passage 

of time up to the necking point.  

(a)  

(b)  

(c)  

Figure 2.4 Demonstration of an elastic wave propagating inside a sample, with the 

passage of time, after (a) 50, (b) 100, and (c) 150 𝜇𝑠. 

 

2.2 Plastic stress waves  

Plastic waves are related to the phenomenon of yield in solids. When the loading is 

applied very fast, inertia effects are important; and the problem must be treated through 
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stress wave propagation (Donnell, 1930). Donnell took account of the propagation of 

a longitudinal disturbance along a thin rod of a plastic strain-hardening material.  

For an elastic wave the wave velocity will be constant because in the elastic region the 

stress-strain relation is linear, whereas in the plastic region the stress-strain relationship 

will instead be non-linear. It means that the velocity of plastic waves is lesser than 

elastic waves since the velocity declines with decreasing slope and strain hardening 

(Macaulay, 2012), as Equation 21.  

(
𝑑𝜎

𝑑𝜀
)

𝑒𝑙
> (

𝑑𝜎

𝑑𝜀
)

𝑝𝑙
  (21) 

The plastic wave velocity is stated in Equation 22.  

𝑐𝑝 = √(
𝑑𝜎 𝑑𝜀⁄

𝜌
)  (22) 

Materials have a specific critical velocity, above which the materials reach its load 

carrying capacity and break. For brittle materials this phenomenon usually occurs in 

the elastic deformation, and for ductile materials in the plastic deformation.  

2.3 Shock Waves  

When the stress-strain curve is non-linear, the nature of wave propagation is 

significantly different from that of both elastic and plastic waves. When a mechanical 

pulse is propagated through such a medium, the velocity of propagation is largest for 

those parts of the wave whose amplitudes are largest, and subsequently the front of the 

disturbance becomes steeper and steeper as the pulse progresses inside the medium 

(Kolsky, 1963).  

A shock wave propagates with a supersonic speed inside a medium and hence a 

disturbance front (shock front) will be created since higher amplitude of the front 

moves faster than the lower amplitude region. Compared with other waves (e.g. sound 

waves) shock waves result in a high amount of pressure during a short period of time 

and has a nonlinear discontinuous behavior (M.A. Meyers, 1994). 
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CHAPTER 3 

 

INSTABILITY IN METALS 

 

Reduction in the stiffness owing to geometry changes caused by deformation is 

responsible for happening of instability in the engineering materials, inside the range 

of plastic deformations above the yield strength. Such phenomena can be divided into 

several types comprising buckling, bulging, necking and shear banding (Haddad, 

2000b). the predicting of ultimate strength as well as plastic behaviour of the materials 

are of utmost importance because of the occurrence of various stabilities should be 

predicted before the onset and accumulation of them, in order to avoid immature 

rupture. The initiation of plastic instability is related to the point where bifurcation 

from the fundamental path is possible (Tomita et al., 1994). 

3.1 Mechanical properties of materials 

In order to explain the materials and to predict the outcomes of loading during our 

experimental and numerical investigations, it is important that the mechanical 

properties of the materials were extracted previously. The exact definition of the 

materials’ behavior may need more parameters, however, some rudimentary types of 

them like Young’s modulus, Poisson’s ratio, and plastic behavior of each material 

should be defined exactly.  

3.1.1 Stress-strain curve 

To extract the response of different materials, uniaxial tensile tests of dog-bone 

specimens are conducted as per several standards relevant to each material. In this 

study, the standard ASTM E8 was utilized to extract the stress-strain curve of the 

materials; stainless steel 304 (SS 304) and steel DKP61112.    

A stress–strain curve for a material extracted from tensile tests gives the relationship 

between the applied stress and the corresponding strain. It is obtained while testing 

standard dog-bone specimens under a loading speed as 10 mm/min and measuring the 
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deformation, from which the stress and strain can be calculated. These curves show 

some of the mechanical properties of a material such as the Young's modulus, the yield 

strength and the ultimate tensile strength.  

The load-displacement curve of a ductile material can be portioned to three main 

domains, i.e. elastic domain, uniform plastic domain and subsequent non-uniform 

plastic domain, as shown in Figure 3.1-a. Three critical points consist of yield stress, 

ultimate and rupture stresses and their corresponding strains are of high important in 

defining material behavior. The transition point from uniform plastic deformation to 

non-uniform one is called necking point which is the topic of this study. It was 

repeatedly mentioned that the stress/strain curves of materials tend to shift up while 

being tested under high rate loadings (Gong, Ye, & Luo, 2018). Figure 3.1-b shows 

the effects of loading rate on the stress/strain behavior schematically.  

  

(a) (b) 

Figure 3.1 Demonstration of schematic diagram of (a) load-displacement curve resulted 
from quasi-static loading, and (b) effects of loading rate on load-displacement curve.  

 

3.1.2 Effects of high-rate loading  

It is obvious that with increasing the loading rate, the load-displacement curve shifts 

up (Noradila, Sajuri, Junaidi, Miyashita, & Mutoh, 2013; Vinh, Pham, & Kim, 2018), 

as shown schematically in Figure 4-b. It can be observed that the amount of yield 

strength rises with the increasing of the loading rate (Dar, Zhang, Xu, & Wang, 2014). 

In a similar trend but of lower degree, the ultimate strength of the steel materials shifted 

up with the increase of loading speed (Cao, Ahlström, & Karlsson, 2015). In the case 
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of Young’s modulus, it is worth mentioning that the ductility of steel samples 

experiencing uniaxial tensile loading declines with the rise of imposed strain rate, 

reflecting a huge upper yield limit at a loading of high rate (Kuroda, Uenishi, Yoshida, 

& Igarashi, 2006; Uenishi & Teodosiu, 2003).  

3.2 Necking instability  

Necking occurs during tensile deformation when a material's cross-sectional area 

reduces by a larger proportion than the material strain hardens. Considère reported a 

basic criterion for necking in 1885 (Yasnikov, Vinogradov, & Estrin, 2014). Three 

criteria provide the framework for the understanding of neck formation (Armstrong & 

Walley, 2008). 

1. Before loading, all materials have heterogeneities such as flaws or local 

variations. To predict the place of the incipient neck, these fluctuations must 

be infinitesimal in magnitude. 

2. While tensile loading, the material reduces in cross-sectional area because of 

Poisson effect. 

3. During tensile loading the material strain hardens.  

The last two ones determine the stability, whereas the first item predict the neck's 

location. 

3.2.1 Different types of necking 

Necking in the metallic materials can be divided into two types: diffuse necking, and 

localized necking. The former is the most prevalent one and known as the necking in 

the literature, whereas the latter is a more complicated phenomenon and occurs when 

a material endures higher levels of stress. It is worth mentioning that the occurrence of 

the localized necking is much later than the onset of diffuse necking (Hwang, 2020; 

Jones, 2019; Zhao, Gu, & Guo, 2021). In other words, diffuse necking occurs when 

the plastic deformation of a sample changes to non-uniform due to stress triaxiality, 

whereas the localized necking occurs slightly before fracturing the sample. A 

schematic demonstration of both types of necking was provided in Figure 3.2-a, 

https://en.wikipedia.org/wiki/Strain_hardening
https://en.wikipedia.org/wiki/Poisson%27s_ratio
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accompanied by a ruptured sample (SB32) tensile tested under high-rate loading, 

which includes both types of necking, as shown in Figure 3.2-b. Moreover, a 

representation of stress-strain curved comprising two distinct points relevant to two 

different types of necking was shown in Figure 3.2-c.  

(a) 

 

(b) 

 

(c) 

 
Figure 3.2 Demonstration of two different types of necking, (a) schematically, (b) on a real 
sample (SB32), and (c) upon a stress-strain curve. 

 

3.2.2 Formulation of necking 

Considering Figure 3.2-c, the onset of necking occurs during plastic deformations of 

the material. It means that the elastic formulation of the material behavior is no longer 

valid, from which the plastic behavior of the material is utilized to draw the 

relationship between stresses and corresponding strains. The engineering strain and 

the corresponding true strain can respectively be found as follows (Hibbeler, 2011):  
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𝑒 =
∆𝐿

𝐿0
 (23) 

휀𝑝 = ∫ 𝑑휀𝑝

𝑙

𝑙0

= ∫
𝑑𝐿

𝐿

𝑙

𝑙0

= 𝑙𝑛
𝐿

𝐿0
= 𝑙𝑛

(𝐿 − 𝐿0) + 𝐿0

𝐿0
= 𝑙𝑛(𝑒 + 1) (24) 

On the other hand, the engineering stress and the corresponding true stress can 

respectively be found, as follows (Hibbeler, 2011): 

𝑆 =
𝑃

𝐴0
 (25) 

𝜎 =
𝑃

𝐴
 (26) 

One can drive the true stress in terms of engineering stress, as follows. 

𝜎 = 𝑆(1 + 𝑒) (27) 

Eventually, the stress and strain at the necking point (time) can respectively be 

expressed as follows. 

𝜎𝑁𝑒𝑐𝑘 =
𝐹

𝐴𝑁𝑒𝑐𝑘
 (28) 

휀𝑁𝑒𝑐𝑘 = ln (
𝐴0

𝐴𝑁𝑒𝑐𝑘
) (29) 

3.3 Theories of necking 

There is considerable interest in the subject of necking development under plane stress 

through the two important theoretical criteria of Swift (Swift, 1952) and Hill (Hill, 

1952). However, since Swift and Hill provided criteria only for the instabilities, the 

necking development and the imperfection evolution during plastic deformation 

cannot be described. In this respect, another article published later (Marciniak & 

Kuczyński, 1967). The same feature employed by MK is that an imperfection is 

introduced for causing a necking development during plastic deformation.  

To predict the occurrence of the necking phenomenon, there are several methods based 

on some theoretical formulations, among which the Considère criterion is the simplest 
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one demonstrating the time of necking using Holloman’s hardening equation. Other 

theories such as Swift, Hill and Marciniak-Kuczynski (M-K) are more complicated 

predicting the necking phenomenon. Stress wave propagation method is the newest 

technique explained in detail as the method of this study.  

3.3.1 Diffuse necking and Considère criterion  

In sheet metal forming, the useful deformation is restricted by the occurrence of 

unstable deformations. There are two sorts of necking in sheet metals, called the 

diffuse and localized necking. Considère method is working in terms of the work 

hardening exponent of  Holloman’s equation (Kleemola & Nieminen, 1974) obtained 

by being fitted to true stress-true strain curve. The equation is shown below: 

𝜎 = 𝐾휀𝑒𝑞
𝑛  (30) 

where σ, K, ɛ𝑒𝑞  and n indicate the stress, strength coefficient, strain and work 

hardening coefficient, respectively. The work hardening exponent can be obtain 

through taking logarithm from both sides of the aforementioned equation as follows: 

𝑛 =
𝑑 ln 𝜎

𝑑 ln 휀𝑒𝑞
 (31) 

Two different kinds of necking (i.e. diffuse and local ones) can be defined based on 

previous equation. Diffuse necking is almost the same as axisymmetric necking under 

tension in a round sample. Diffuse necking happens very gradually while experiencing 

shape change and thickness reduction in a flat sample.  

From Hollomon’s correlation (Equation 30), Hook’s law can be expressed as Equation 

32 

𝑃 = 𝜎𝐴 =( 𝐾휀𝑒𝑞
𝑛 )(𝐴0𝑒𝜀𝑒𝑞) (32) 

Taking the natural logarithm from both sides of previous equation 

𝐿𝑛 𝑃 = 𝐿𝑛𝐾 + 𝑛𝐿𝑛(휀𝑝) + 𝐿𝑛(𝐴0) + 휀𝑒𝑞  (33) 

Differentiating both sides of Equation 33 with 𝑑휀𝑒𝑞  , then it is obtained; 
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𝑑 ln 𝑃

𝑑 ln 휀𝑒𝑞
= 0 +

𝑛

휀𝑒𝑞
+ 0 + 1,       𝑜𝑟       𝑛 = 휀𝑒𝑞  (34) 

The onset of necking occur when the internal force reaches a maximum value, namely 

(𝑑 ln 𝑃 𝑑 ln 휀𝑒𝑞⁄ = 0), and finally one can find that n is equal to 휀𝑝, which called 

Considère’s criterion.  

3.3.2 Diffuse necking and Stress Wave Propagation method 

Generally, the stress wave method is based on the propagation of elastic waves inside 

the solids which comprises compression (P) waves and shear (S) waves in the solid, 

and surface waves or Rayleigh (R) waves upon the surface. Inhomogeneity in the 

material can cause scattering of sound waves thereby extracting the mechanical 

properties of materials (Blitz & Simpson, 1995; Kundu, 2007). Drawbacks of such 

techniques include low directivity and resolution at low frequencies and the need to 

contact between the test equipment and the material being tested.  

The formulation for this method is provided by Von Karman and Duwez (Karman & 

Duwez, 1950), known as Karman-Duwez solution.    

The formulation uses two frames of reference while dealing with disturbance-

propagation problems (M. A. Meyers & Murr, 1983), as follows:  

i. Lagrangian: when one takes account of a particle in the material and sees the 

change of location of the particle with the passage of time. 

ii. Eulerian: when one takes account of a certain region in the space and sees the 

flow of material inside and outside of it.  

Given aforementioned considerations regarding two different frames of reference, one 

can consider a property F, which changes with time, for which spatial position (X) and 

particle position (x), can either be expressed as: 

𝐹 = 𝑓(𝑥, 𝑡) , or 𝐹 = 𝑓(𝑋, 𝑡) (36) 

They selected the simplest plastic wave propagation case; a semi-infinite thin wire 

which was being impacted at a specific velocity creating a downward movement at a 
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velocity 𝑉1. The initial location is taken as the origin, and the displacement of a particle 

located at the position x, can be seen. At time t, it will be moved by u. Hence 

𝑑𝐹 = 𝑑𝑚
𝜕2𝑢

𝜕𝑡2
= 𝜌0𝐴0𝑑𝑥

𝜕2𝑢

𝜕𝑡2
 (37) 

After reduction,  

𝑑𝜎

𝑑𝑥
= 𝜌0

𝜕2𝑢

𝜕𝑡2
 (38) 

where 𝜌0 and 𝐴0 are the initial density and area, and 𝜎 indicates the stress. Given the 

presence of plastic deformation, and that we have a relation between stress and strain 

in loading, it can be written as; 

𝜌0

𝜕2𝑢

𝜕𝑡2
=

𝑑𝜎

𝑑휀

𝜕휀

𝜕𝑥
 (39) 

And with 휀 = 𝜕𝑢 𝜕𝑥⁄ , we have (M. A. Meyers & Murr, 1983); 

𝜕2𝑢

𝜕𝑡2
=

1

𝜌0

𝑑𝜎

𝑑휀

𝜕2𝑢

𝜕𝑥2
 (40) 

Making comparison between Equation 40 and the following correlation (Equation 41), 

derived by Kreyzig (Kreyszig, 2017) for a vibrating string one dimensionally, it can 

be understood that the plastic stress wave can be written as Equation 42.  

𝜕2𝑢

𝜕𝑡2
= 𝐶2

𝜕2𝑢

𝜕𝑥2
 (41) 

𝑉𝑝 = (
𝑥

𝑡
)2 = (

1

𝜌0

𝑑𝜎

𝑑휀
)1/2 (42) 

The use of the boundary conditions permits us to determine the wave profile. The 

boundary condition are 𝑢 = 𝑉1𝑡 𝑎𝑡 𝑥1 = 0, 𝑎𝑛𝑑 𝑢 = 0 𝑎𝑡 𝑥 = ∞. One solution is as 

Equation 43.  

𝑢(𝑥,𝑡) = 𝑉1𝑡 +  ɛ1 𝑥 (43) 

For 𝑢(0,𝑡) = 𝑉1𝑡, from Equation 42, we have 
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𝑉1 = − ∫ (
(𝑑𝜎/𝑑휀)

𝜌0
)

1/2

𝑑휀
𝜀1

0

 (44) 

With the help of Hollomon’s and Considère equations, we can obtain Karman-Duwez 

final solution, as follows: 

휀1 = (
𝜌0𝑉1

𝑘
)

1/𝑛

, 𝑉1 = −(𝑘𝑛𝑛/𝜌0) (45) 

With k and n for SS 304 as 1196 MPa, and 0.32 as well as those for DKP as 643 MPa 

and 0.247, one can obtain 𝑉1 for SS 304 and DKP as 1065 m/s and 584 m/s, 

respectively.  

3.3.3 Localized necking 

Another type of necking is the localized necking which followed by a separation or 

fracture. It happens when the deformation causes the material to have increases at the 

surface while having reduction in thickness. After its initiation, more deformation of 

the material concentrate in the localized regions. This phenomenon can be attributed 

to softening effects or material softening. Based on MK criterion, it occurs when  

3.3.4 Forming Limit Diagrams 

The formability in sheet metal forming is limited by the initiation of the localized 

necking, hence, it is vital to know up to which level the material can be formed in 

terms of stresses and strains endured. To estimate the forming behaviour of the 

materials the use of forming limit diagram (FLD) can be utilized. In general, necking 

happens when the ratio of effective total strain in groove region to that of nominal 

region of the sheet is more than a specific value, known as a critical point for each 

material. This method is old-fashioned since it cannot define the time of necking and 

its potential location as a function of loading speed.  

Figure 3.3 indicates a forming limit diagram (FLD). This method can predict the 

necking time and location based on the forming limit curve (FLC), indicated in the 

figure below, however, through some expensive experiments. The only drawback is 

this method can be used in quasi-static condition, not in dynamic loadings of high 

rates. A FLC is a curve regarding deformation limit which is mostly controlled by 
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localized necking in the ductile materials. It plots the major strain at necking initiation 

of localized necking for the values of minor strains. The major strain (휀1) is the strain 

alongside the loading direction whereas the minor strain (휀2) is the strain in the 

sample’s thickness direction.  

 
Figure 3.3 Demonstration of a forming limit diagram (FLD). 
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CHAPTER 4 

 

EXPERIMENTS 

 

In order to extract the mechanical properties of the materials used and to investigate 

the behaviors of the materials under different loading speed and to check the necking 

type and location in different samples in terms of loading speed and material type. This 

study includes several experiments tensile tested in three different loading speeds. 

Dog-bone samples manufactured from two different metallic materials were examined 

with three repetitions.  

4.1 Sample preparation 

The dog-bone specimens (18 number in total) were made of SS304 and steel DKP in 

accordance with Standard ASTM E8. They were cut via a CNC laser cutting in order 

to be as exact as possible, followed by abrading the edges of the samples. The samples 

are prepared in two different thickness (i.e. 1, and 2 mm) including six batches in total, 

each of which comprises three identical samples as repetitions. The dog-bone sample 

of 1 mm and 2 mm thicknesses were manufactured from steels DKP6112 and SS304, 

respectively. The general configuration of the samples is 210 mm × 20 mm × 2 (or 1) 

mm, with a gage length of 75 mm (Figure 4.1).  

 
(a) 

 
(b) 

Figure 4.1 Illustration of (a) all eighteen samples (three repetitions), and (b) two 

selected samples in detail, manufactured as per ASTM-E8.  
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Moreover, in order to model the elastic-plastic behavior of the material in numerical 

investigations, the Hollomon’s equation (Equation 30), was utilized with some 

constants gathered in Table 4.1. In the equation, constants K and n are referred to as 

strength index, and strain hardening exponent, respectively. 

Table 4.1 Extracted mechanical properties of SS304 and DKP used in this study.  

 Young’s 

modulus 
(GPa) 

Poisson’s 

ratio 

Yield 

strength 
(MPa) 

Maximum 

strength (MPa) 

Strength 

index 
(MPa) 

Strain 

hardening 
exponent 

SS 304 194 0.29 711 1385 1196 0.32 

DKP 141.4 0.32 250 372 643 0.247 

 

4.2 Testing procedure 

Different dog-bone samples of the same dimensions were uniaxial tested under 

different loading speeds to include the loading rate into account. The specimens were 

tested in a universal tensile testing machine (MTS, Model C45) in three different 

loading rates (Figure 4.2). All information about the samples comprising names, 

thicknesses, loading rates, and their failure loads and elongation at failure values were 

provided in Table 6.1, which is put in the section 6.1 of the thesis. It is worth noting 

that the samples tensile tested in order to extract the mechanical properties were loaded 

under a constant speed as 10 mm/min, whereas the other samples were tested under 

constant strain rates as 0.1 and 0.2 1/s.  

   
(a) (b) (c) 

Figure 4.2 Demonstration of (a) testing machine, (b) Sample SB33 at the beginning 

of the test, and (c) Sample SB33 after rupture.  
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4.3 Extraction of the material properties 

Three identical samples of each material were tested under quasi-static loading 

condition (0.17 mm/s) in order to extract the mechanical properties of the materials 

used in the study. The load-displacement curves of the aforementioned sample as well 

as stress-strain behaviors of two selected joints (i.e. SA11 and SB11) were depicted in 

Figure4.3.  

  
(a) 

  
(b) 

Figure 4.3 Load-displacement along with corresponding stress-strain responses of 

the samples under quasi-static loading (0.17 mm/s), (a) material SS 304, and (b) 

material DKP.  

 

4.4 Fracture modes 

In general, there are two types of fractures including ductile and brittle ones. Brittle 

Fracture of the materials occur very fast, due to which the material does not show any 

evidence of ductility or plastic deformation before the rupture. Glass is a material 

which experience such response while being loaded. Such materials do not experience 

any necking and huge plastic deformation or even any measurable elongations. On the 

other hand, ductile materials have features fully different from those of brittle ones. 
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Since some materials reflects both types of fracture, some special features of brittle 

materials can be written as follows: 

1. Huge amounts of plastic deformation in the location of ductile fracture. 

2. In spite of brittle fracture, the surface of ductile fracture is not very related to 

direction of imposed stresses.  

3. The appearance of ductile fracture surface is dull and fibrous, created by 

deformation. 

After loading of dog-bone samples manufactured from sheet metal, two prevalent 

types of fracture can be experienced after necking occurrence in the rupture area. The 

fracture modes include shear/slip fracture and dimple fracture. In some samples under 

5mm/s loading speed a combination of both was also detected. Observations was 

conducted via a simple magnifier. The results of checking fracture types occurred in 

the ruptured samples of this study tested under different loading speeds, were depicted 

in Figure4.4. The observations are almost like those mentioned in similar works (W. 

Liu, Lian, & Münstermann, 2019; Zhichao & Huang, 2018). 

 
 (a) (b) (c)  

Figure 4.4 Different modes of fractures observed in this study.  
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4.4.1 Shear/slip fracture 

A ductile fracture starts in the vicinity of the section with reduced area during a tensile 

loading and then spreads outward towards the surface of necked area. Prior to reaching 

the fracture to the surface, the direction changes in a 45° angle. This type of fracture 

which is called shear/slip fracture, in metals create cup-and-cone shape of fracture.  

Shear is known as a sort of load imposed which can cause two adjoining parts of a 

body to slide relative to each other in a direction parallel to their contact plane. Given 

Figure 4.5, it can be found out that the aforementioned information is observable in 

the ruptured sample shown.  

 
Figure 4.5 Demonstration of shear/slip fracture in the sample SB23. 

 

4.4.2 Dimple fracture 

Dimple Fracture can be considered as microvoid combination, generally occurs under 

single load or tearing (Figure 4.6). When applied strains are large enough coalescence 

continues up to a rupture point, thereby dimple rupture happens. The size and shape of 

dimples is related to loading type and the microvoids. This fracture is a type of ductile 

cracking alongside the fracture path.  

Dimple fractures are of three types, all of which are characterized by tiny holes, known 

as microvoids, which are microscopically situated in the interior of a part of metal 

while being under the force of an external load. The larger the load, the larger the 

proximity and total gap volume of these voids. The occurrence of such a fractured 

surface is justified by dimple rupture. 

The rate of loading can affect the failure mode, changing from a dimple one to a slip 

one. For example, after investigations of fracture surfaces of all the samples it was 

found out that in the quasi-static loading the materials fails by a dimple type, whereas 
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with increasing the loading rate the failure mode changes to a combination of dimple 

and slip types. In the loadings of higher rates, the percentage of material surface failed 

by slip type outweighs that by dimple type. 

 

Figure 4.6 Demonstration of dimple fracture in the sample SA13. 
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CHAPTER 5 

 

NUMERICAL STUDY 

 

In this study, several dog-bone samples with three repetitions were firstly tensile tested 

in two different thickness (i.e. 1 and 2 mm) under three different loading speed in order 

to extract the material behaviors as a function of loading rate and for the validation of 

numerical analyses. Afterwards, in order to investigate several case studies, the 

experimentally validated finite element method (FEM) was utilized to take account of 

the effects of various loading conditions on the material response. A commercial finite 

element (FE) package ABAQUS was utilized for numerical analyses. Several loading 

speeds were applied on the standard samples in order to extract the effects of the 

loading rate on the stresses, strains, necking place, load-displacement responses, stress 

wave propagation, etc.  

5.1 Finite element analysis 

To simulate the specimens studied in the research, three-dimensional (3D) parts made 

of SS304 and DKP6112 were firstly created and assembled in Explicit environment. 

Then different meshing scheme were utilized to investigate the mesh independency 

and validate the numerical solutions based on the experimental results. Completion of 

validation step was followed by application of several loading speed and mass scaling 

to investigate their effects on several parameters. In the last stage, several numerical 

outputs were obtained so as to investigate the influences, potential causes and reasons 

and to report some predictions. Different sections involved in the analyses 

implemented in ABAQUS were explained in the following sections.  

5.2 Solution type  

In the utilized finite element package, ABAQUS, there are two types of solution called 

explicit and implicit, whereby different kinds of structures under dynamic and quasi-

static problems can respectively be analyzed. In high rate loading as experienced in 
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vehicular crashes for instance, materials endure large displacement and subsequently 

large deformation in an extremely short period of time, due to which transient dynamic 

analysis is recommended. In these scenarios, analyses need to be of dynamic transient 

type, as we used in this study, since the quantities of the velocity and acceleration 

cannot be as zero and consequently should be calculated explicitly. The formulations 

and characteristics of both methods are explained in later subsections. 

5.2.1 Implicit formulation 

In the events of low speed, or, more precisely, in static and quasi-static engineering 

analyses, in which the global stiffness matrix is not changed owing to the rises in the 

displacement, the equilibrium equation can be written, as follows (Christensen & 

Bastien, 2016; Yang, 2018); 

[𝐾]{𝑥} = {𝑓} (46) 

This equation can be solved via multiplication of [𝐾]−1 into both sides of the 

aforementioned equation with the aid of Gauss elimination method or of the 

application of iterative procedure. In such cases, the final nodal displacement can 

directly be computed. 

As mentioned previously, the formation of a global stiffness matrix [K] is needed in 

implicit solutions. Hence, the multiplication of [𝐾]−1 can lead to the extraction of 

nodal displacements directly. The most drawbacks of conducting this operation goes 

to the computational cost of [𝐾]−1 which requires higher sizes of storage space and 

memories. In addition, non-linearity causes the stiffness matrix to be a function of 

displacement which complicated the calculations and imposes more difficulty on the 

process, since in each time step the invert of stiffness matrix must be calculated which 

lacks computationally cost-effectiveness. Moreover, in case the matrix has no 

inversion the solution may fail.  

In general, owing to the large numbers of possible iterations in an increment during 

implicit solution, the disk space and memory usage can be large, whereas these 

amounts for the explicit solver, are typically much smaller than that for 

Abaqus/Standard. 
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5.2.2 Explicit formulation  

Despite the implicit solver which uses a stiffness-based solution technique that is 

unconditionally stable, explicit solver uses an explicit integration solution technique 

that is conditionally stable. The procedure gone through in the explicit dynamic 

solution is based on the employment of an explicit integration rule through using 

diagonal (lumped) element mass matrices. The equations of motion for the body are 

integrated with the use of explicit central-difference integration rule, as follows: 

�̇�
(𝑖+

1
2

)

𝑁 = �̇�
(𝑖−

1
2

)

𝑁 +
∆𝑡(𝑖+1) + ∆𝑡(𝑖)

2
�̈�(𝑖)

𝑁  (50) 

𝑢(𝑖+1)
𝑁 = 𝑢(𝑖)

𝑁 + ∆𝑡(𝑖+1)�̇�
(𝑖+

1
2

)

𝑁  (51) 

where, 𝑁𝑢 is a degree of freedom (either displacement or rotation type) and the 

subscript 𝑖 is referred to as the increment number in the explicit dynamic step. The 

central-difference integration operator is explicit since the kinematic state progresses 

known values of �̇�
(𝑖−

1

2
)

𝑁  and �̈�(𝑖)
𝑁  from the previous increment.  

The explicit integration rule is so simple, but not always leading to computational 

efficiency or exact results. The key fact to the computational efficiency of this 

procedure is the use of diagonal element mass matrices since the accelerations at the 

commencement of the increment are calculated by  

�̈�(𝑖)
𝑁 = (𝑀𝑁𝐽)−1(𝑃(𝑖)

𝐽 − 𝐼(𝑖)
𝐽 ) (52) 

where, 𝑀𝑁𝐽  is the mass matrix, 𝑃𝐽  is the applied load vector, and 𝐼𝐽 is the internal 

force vector. A lumped mass matrix is utilized since its inverse is easy to compute and 

since the vector-product of the mass inverse by the inertial force requires just the same 

number of operators (n) as that of degrees of freedom in the model. No need to 

iterations and tangent stiffness matrix are the advantages of the explicit procedure. The 

internal force vector 𝐼𝐽 is made from contributions of single elements in a way that the 

formation of a global stiffness matrix is not needed. 
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5.2.2.1 Stability in explicit solver 

The explicit solution is based on integration with respect to time through small time 

increments. The central difference operator is stable conditionally. The stability limit 

for such operator without consideration of any sort of damping can be calculated in 

terms of highest frequency of the system as  

∆𝑡 ≤
2

𝜔𝑚𝑎𝑥
 (53) 

with damping the stable time increment is given by 

∆𝑡 ≤
2

𝜔𝑚𝑎𝑥
 (√1 + 𝜉𝑚𝑎𝑥

2 − 𝜉𝑚𝑎𝑥) (54) 

where,  𝜉𝑚𝑎𝑥 is the fraction of critical damping in the mode with largest frequency. In 

ABAQUS/Explicit a tiny amount of damping is considered in the form of bulk 

viscosity for the high frequency fluctuations to be controlled. Physical types of 

damping, like dashpots or material damping, can also be defined.  

5.2.2.2 Benefits of explicit solution  

Using the small increments during explicit solutions, which is governed by the stability 

limit, is beneficial since it permits the solution to progress without iterations and 

without any need to the formation of tangent stiffness matrices. Although the nature 

of the dynamic procedure is generally beneficial for the analysis of the events of high 

speed loading, it can also be really practical and helpful in the quasi-static analyses. A 

precious example of such suitability is in sheet metal forming (e.g. this study 

somehow), during which contact dominates the analysis and several local instabilities 

may create owing to wrinkling of the sheet. A small drawback of explicit solution is 

the results are not checked automatically which is the case in ABAQUS/Standard. In 

a variety of simulations, this is not that important since the stability conditions imposes 

a small time increment such that the solution just somewhat alters in each increment, 

whereby the incremental computations are simplified. The computational cost is 

economical since each increment is almost inexpensive, no matter the number of 

increments can be extremely huge (i.e. generally more than 105). Hence, the method 
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is computationally effective for the events, in which total time of dynamic response is 

a few orders of magnitudes larger than the stability limit; studies related to wave 

propagation, for example.  

5.2.2.3 Using quasi-static analysis in explicit 

In order to be able to do economical quasi-static analyses with an explicit dynamics 

solver of ABAQUS, there are two practical processes; the use if increased load rates, 

and mass scaling. The former artificially reduces the time scale of the process by 

increasing the loading rate, due to which the material strain rates computed in the 

simulations goes artificially higher by the same factor applied to increase the loading 

rate (Vidal-Sallé, Boutabba, & Boyer, 2008). The latter allows the simulations to be 

modeled in their natural time scale while considering rate-sensitive materials. In this 

method, the material density rises by a factor of  𝑎2 when stable time increment raises 

by a factor of 𝑎. 

The use of either of the aforementioned methods reflects the same effects. For instance, 

the increased load rates decreases the time scale of the simulations, thereby reducing 

the number of increments needed to complete the job. On the other hand, mass scaling 

raises the size of the stable time increment, due to which fewer number of the 

increments will again be needed. In general, the aim is to analyze the process in the 

shortest time period, or with the greatest mass scaling, in which inertia forces are still 

insignificant.  

Prior to investigating the results related to stresses and strains in the analyzed model, 

one should check the solution whether it is quasi-static or not. For this purpose, a 

practical method is to do comparison between the histories of the kinetic and the 

internal energies. In this study the internal energy is mostly based on plastic 

deformation, whereas the kinetic energy causes by loading of the samples. To obtain 

quasi-static solution, the ratio between kinetic and internal energies should take a value 

between 0.1 and 0.14. Moreover, either of the energies need to be evaluated separately 

to guarantee the reasonability of them. Even though the kinetic energy can be small, 

the model can experience severe plasticity if the kinetic energy reflects huge 

fluctuations. In general, if the loading is smooth, the results are supposed to be smooth, 
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which otherwise can be an indication of inexact outcomes. Conducting such procedure 

for the internal energy is valid as well. Eventually, the results extracted from each 

solver (i.e. explicit and standard) should be compared together so as to calculate the 

difference between each corresponding outcomes. Such difference is mainly due to 

two factors; one is that the ABAQUS/Explicit regularize the data, whereas 

ABAQUS/Standard does not do, and second one is that the friction effects are 

differently being handled. The standard one uses penalty algorithm, while the explicit 

one utilizes kinematic friction. The latter factor is not involved in this study since there 

is just one sample without any friction.  

5.2.3 Element selection  

It is so important that one chooses appropriate element types in a FE-model. Three 

most prevalent type of elements, among which continuum elements can be used in 

three-dimensional analyses. In general, the elements need to be chosen in order to 

satisfy some parameters. For instance, the condition of the material, the dimension of 

the specimen analyzed, the amounts of deformation, types of loading, etc. In ABAQUS 

there are a variety of element types in order for numerical analyses. The element family 

commonly used in the stress analyses- and utilized in this study as well- is continuum 

(solid) element with reduced integration signified by C3D8R. Reduced integration 

type of the elements was utilized in order to speed up the analyses. This is because a 

three-dimensional brick element of “reduced integration” type (C3D8R) has just one 

integration point in the center of the element, instead of eight integration points which 

are present in a fully integrated type of element (C3D8).  

5.2.4 Meshing pattern 

The dog-bone specimens prepared according to standard ASTM-E8 was simulated in 

ABAQUS/Explicit. Figure 5.1 indicates the meshing pattern and boundary conditions 

applied on the samples. Four layers of the elements were placed along the thickness of 

the samples to take all stress distributions into account with an acceptable exactness. 
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Figure 5.1 Demonstration of mesh utilized to model the dog-bone samples.  

 

To verify the numerical simulations and to obtain the most accurate result, different 

mesh sizes were applied and implemented in the analyses. Mesh size independency 

studied by repeating numerical analyses for the samples meshed by different seeding 

sizes. At the end of the process, elements of aforementioned type (C3D8R) were 

employed in two different sized 1×0.74×0.25 𝑚𝑚3 (x-axis, y-axis, z-axis) and 

1×1.18×0.25 𝑚𝑚3 for gage and grip parts, respectively. The results of mesh 

independency study are plotted in Figure 5.2. Two samples shown in the figure below, 

indicate the meshing pattern utilized in the study. To avoid huge computational costs 

while using finer mesh to reach exact results, the specimens were partitioned into 

different sections.  

  
(a) (b) 

Figure 5.2 The results related to mesh independency study, (a) SS 304, and (b) DKP.  

 

In all the case studies, a fully fixed constraint is applied on the one side, whereas the 

other side the sample is experiencing a uniaxial loading of velocity type with different 

rate in different case study (see Figure 5.1). All the rotational degrees of freedom are 

defined as zero to simulate the state of a sample into the grips of a testing machine. In 

order to extract the value of applied load and the displacement of the sample while 
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being elongated, two sets are respectively defined at two points located in the 

aforementioned fixed and moving parts.  

5.2.5 Mass scaling  

In the explicit analyses, the dimension of the model and elements in use as well as 

material properties are used to determine the size of time increment regardless of the 

complexity of the geometry of the model as is important in implicit solutions. Hence, 

the computational time which is a function of the computer’s CPU can be reduce with 

the use of mass scaling (Ducobu, Rivière-Lorphèvre, & Filippi, 2015; Gattmah, 

Ozturk, & Orhan, 2019; Prior, 1994). The time step should be small reasonably to keep 

the analysis stable, via computing the output at the first step that would be run for the 

results obtained in the next step. This procedure will continue until the end of the 

analysis step by step. This is reason for the stabilization of the explicit solution, 

otherwise, the solution will enter loops without any progress in the analysis even after 

several days. For this respect, the time increment (∆𝑇) need to be smaller than critical 

time (∆𝑇𝑐) (Cocchetti, Pagani, & Perego, 2013). In the Equation 55, 𝑇𝑚𝑖𝑛 denotes the 

eigenvalue for the smallest element, while it is represented by 𝜔𝑚𝑎𝑥  for the largest 

element (Ducobu et al., 2015; Koric, Hibbeler, & Thomas, 2009; Wang, Yang, Sun, 

Guo, & Ou, 2006). The Equation 56, shows the number of time increments, in which 

T and N are responsible for the actual time and the number of time increments (Li, Li, 

Yang, Chen, & Li, 2019). In ABAQUS, the stable time increment (∆𝑇) is computed 

automatically, whereas the critical stable time (∆𝑇𝑐) can be extracted through Equation 

57.    

∆𝑇 ≤ ∆𝑇𝐶 = (𝑇𝑚𝑖𝑛 𝜋⁄ ) = (2 𝜔𝑚𝑎𝑥⁄ ) (55) 

𝑁 = 𝑇 ∆𝑇⁄  (56) 

∆𝑇𝐶 ≈ (𝐿𝑚𝑖𝑛 𝐶𝑑⁄ ) (57) 

where, 𝐿𝑚𝑖𝑛 and 𝐶𝑑 are the smallest dimension of element and the speed of wave 

propagation in the material, respectively. The latter can be calculated based on the 

material constants as shown in Equation 58. Lame’s constant (𝜆0) and shear modulus 
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(G) cab be described in terms of Young’s modulus (E), density (ρ) and poison’s ratio 

(υ) through Equation 59 and Equation 60.  

𝐶𝑑 = √(𝜆0 + 2𝐺) 𝜌⁄  (58) 

𝜆0 = 𝐸𝜐 [(1 + 𝜐)(1 − 2𝜐)]⁄  (59) 

𝐺 = 𝐸 [2(1 + 𝜐)]⁄  (60) 

Through mass scaling technique in ABAQUS, the density of the material raises by 

adding mass to an element without any major effects on the results, however, several 

investigations should be conducted to guarantee its effectiveness on the outcomes. The 

main aim is to improve the computational efficiency of the analyses. In ABAQUS, 

application of mass scaling can be done in different ways. In this study, we used “Semi-

automatic Mass Scaling” as 100, which was applied on the whole model for quasi-

static samples. The specimens analyzed under high speed loading, the mass scaling 

was not applied, because the computational time of the analyses was a few minutes in 

the worst case scenario.  

5.3 Validation  

To expand the domain of the study, first of all, the process used to simulate the samples 

in ABAQUS was validated through comparing the numerical results with those 

obtained from experiments. Several dog-bone specimens were tested in a various range 

of loading speed in order to survey the effects of loading rate on the behavior of the 

samples (i.e. necking and rupture) under loadings. Figures 5.3-a and b, show the 

corresponding load-displacement responses of dog-bone samples extracted from 

experimental and numerical investigations. Similarly, the numerical stress-strain 

behaviour of one critical element of each type of samples was compared to the 

corresponding true stress-true strain curve extracted from the respective experimental 

sample, as shown in Figures 5.3-c and d.  

It is worth noting that the validation based on the experimental and numerical load-

displacement curves, as seen in Figure 5.3-a and b, are different after necking 

occurrence. This is justifiable owing to the process of analysis by the software, at 

which the reduction in the cross-sectional area, especially after necking, is just 
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imposed on one row of elements, due to which the software decreases the loading 

values severely in order to compensate the unreasonable reduction in the sample’s 

area, since the amounts of the stresses should remain constant. In the respect of stresses 

endured, the data extracted from both experimental and numerical analyses are close 

enough together (Figures 5.3-c and d). Altogether, it can be considered that the 

validation was done successfully.  

  
(a) (b) 

 

 

 

 
(c) (d) 

Figure 5.3 The responses of dog-bone samples extracted from experimental and 

numerical investigations; the load-displacement curves of (a) SS 304, and (b) 

DKP6112 and the corresponding stress-strain curves of (c) SS 304, and (d) 

DKP6112, extracted for the critical element of the sample in several points of time.  
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CHAPTER 6 

 

RESULTS AND DISCUSSION 

 

After validation the numerical investigation based on the data extracted from the 

experiments, as shown in previous chapter, several finite element analyses were 

conducted in order to extract the behavior of the samples under high-rate loadings. The 

aims were to extract the changes applied to the stress propagation, stress levels and 

contours, load-displacement curves and, in general, to reveal all influences of rate 

changes on the mechanical response of metallic SS304 samples (yield strength, 

ultimate strength, etc.).  

6.1 Experimental data 

All eighteen samples of the study, according to ASTM-E8, were tested in three 

different testing speeds through the same machine. The results related to loading 

conditions, failure loads and values of the elongation at failure were all gathered in 

Table 6.1. It is worth noting the samples labelled by SA12 and SB31, for example, 

refer to the second specimen made of SS 304 tested under low speed loading and to 

the first specimen made of DKP tested under high speed loading, respectively. The 

initial length of the samples was 200 mm.  

It is worth noting that both diffused and localized necking were observed in the 

experiments, especially in the thinner samples. Moreover, both types of rupture after 

necking (i.e. dimple and shear/slip) were observed in the specimens. It is worth noting 

that, in a general trend, the failure type of the specimens, starts from fully dimple and 

continued to a combination of both types and ended with fully shear/slip type, 

according to the rises in the loading rate. Based on Considère criterion and the constant 

(n) extracted from the experimental tensile tests under the quasi-static condition, the 

strain at which necking occurs were calculated for both materials. Then, a comparison 

was done between the experimentally computed strain values and their corresponding 

values obtained from numerical investigations. 



39 
 

Table 6.1 Characteristics of the sample tested.  

Sample Material Thickness 
Strain rate 

(1/s) 
Failure load 

(kN) 
Elongation at 
failure (mm) 

SA11  

2 mm 0.0034 

 52 

SA12 SS 304 16.6 51 

SA13   49.5 

SA21  

2 mm 0.1 

 47 

SA22 SS 304 15.9 50 

SA23   49 

SA31  

2 mm 0.2 

 49 

SA32 SS 304 15.1 46 

SA33   48 

SB11  
1 mm 0.0034 

 26 
SB12 DKP 4.4 26 

SB13   24 

SB21  

1 mm 0.1 

 23 

SB22 DKP 4.3 25 
SB23   23.5 

SB31  

1 mm 0.2 

 20 

SB32 DKP 4.2 22.5 
SB33   23 

 

Table 6.2 includes the data calculated from both numerical and theoretical analyses. It 

can be seen that there is a difference as 8% and 3% between theoretical and numerical 

strains, for SS 304 and DKP, respectively. This amounts of difference between the 

results extracted from both methods are acceptable for quasi-static conditions, since 

the feasibility and applicability of the stress wave propagation method is for the 

samples under high rate dynamic loading, whereas the Considère criterion is just for 

quasi-static condition.  

Table 6.2 A comparison between strains at necking time.   

Material Strain hardening exponent (n) 휀Considere 휀Numerical 

SS 304 0.32 0.32 0.3470 

DKP 0.247 0.247 0.2390 

 

In addition, it is worth noting that the Karman-Duwez criterion (Equation 45) is also 

for high rate loading, but it just relates the loading velocity, Strain hardening exponent 

(n), and the strain at necking together. It also was shown in Figure 3.1-b that the strain 

hardening exponent at high rate loading need to be calculated based on experimental 

investigations. After extracting the data, one can find the necking strain based on the 
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applied velocity, leading to the time and location of the necking. Taking account of 

aforementioned statements, it can be found out that stress wave propagation technique 

outweighs the Karman-Duwez criterion. 

6.2 Stress analysis   

Stress analyses of this study were conducted based on validated numerical 

investigations performed in a commercial finite element package, ABAQUS/Explicit. 

They were conducted considering the stress tolerated along the samples, their 

corresponding strain amounts extracted from the stress and strain contours, 

deformation changes (necking location) as well as changes in the load-displacement 

curves.  

6.2.1 Stress wave propagation 

Stress waves started to propagate from a symmetric pattern in lower loading speed (i.e. 

near quasi-static) changing towards a biased pattern with the increase of loading rate. 

In loadings of high speed, stresses initiate near the loading point and propagate towards 

the other side of the samples (i.e. fixed part). In other words, in the latter, there is no 

symmetric pattern in the imposed stresses along the sample. Even, according to the 

load-displacement curves extracted from the sample loaded of high speed, during the 

first few milliseconds, the support or fixed section of the sample does not experience 

any force since the stress waves have not reach that section yet. Figure 6.1 

demonstrates the stress distribution in a sample, loaded by 10 m/s, based on the length 

of the arrows indicating the magnitude of the endured stresses, in two different time 

points (i.e. 150 and 600 𝜇𝑠 after the start of the loading). By comparing the figures and 

arrow sizes, it can be found out that stress experienced in the support after some 

microseconds.  

To capture the stress waves propagated through the samples in the numerical 

investigations, the number of the Frames used for the illustration of the stress contours 

were increased in the ABAQUS setting options. It made an exact observation possible, 

through which accurate pattern of changes in the stress levels (i.e. stress wave 

propagation) fulfilled. 
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Figure 6.1 Illustration of stress arrows- as an indication of experienced loads- in a 

sample, under a loading speed of 10 m/s, in two different points of time, (a) 150 𝜇𝑠, 

and (b) 600 𝜇𝑠.  

 

Figures. 6.2, and 6.3 demonstrate three steps of stress contours of two samples, loaded 

under high rate conditions. It was shown that the stress waves propagated in SS 304 

faster than DKP, due to material properties. It can be explained by the fact that the 

stress wave propagation speed inside the SS 304 and DKP is very high. It can be 

understood that under high rate loading the stress wave starts from one side of the 

sample (i.e. loading point) propagating towards the support or the other side of the 

sample.  

(a) 

 

(b) 

 

(c) 

 
Figure 6.2 Demonstration of three steps of stress contours of a selected SS 304 

sample loaded with a strain rate of 200 1/s. Steps above were chosen at 60, 100, 

and 160 𝜇𝑠 after imposing the loading, respectively. 
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(a) 

 

(b) 

 

(c) 

 
Figure 6.3 Demonstration of three steps of stress contours of a selected DKP sample 

loaded with a strain rate of 200 1/s. Steps above were chosen at 60, 100, and 160 

𝜇𝑠 after imposing the loading, respectively. 

 

6.2.2 Stresses experienced by elements during stress propagation 

In order to find the necking time, two chosen samples of SS 304 and DKP were 

simulated under a loading speed of 10 m/s. The stress distribution during last 

microseconds before the necking onset were plotted in Figure 6.4. Each plotted curve- 

refers to a specific time of loading history- includes the stress and corresponding strain 

values at five elements. With controlling the stress values and their corresponding 

strains, one can find the time, at which necking occurs. By comparing the figures two 

by two- or stresses and corresponding strains- it can be observed that the chosen 

elements before necking experiencing almost the same levels of stress, whereas it is 

not the case for strain endured. More precisely, at the necking time, the strain has its 

highest value at the necked element, while the stress is the same as that in some 

microsecond beforehand, but the stress level reduced in the elements nearby. It can be 

revealed that strain curves can be more informative than the stress curves, however, 

they are corresponding together.  
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(a) 

  
(b) 

Figure 6.4 Demonstration of stresses and corresponding strains in the necked 

elements of the samples under a strain rate as 200 1/s- in terms of time passage- in 

order to find the necking time, (a) SS 304, and (b) DKP 6112. Element numbered 

with “0, +2, and -2” are indicating the necked element and two elements after and 

before the necked element, respectively.  
 

Given the diversity of loading speed, two samples of two different thicknesses (i.e. 1 

and 2 mm) were investigated in two different loading speeds, as shown in Figures. 6.5, 

and 6.6. Three points of loading were considered while capturing the contour, followed 

by data interpretations of values demonstrated for stresses and strains. It can be 

understood that stress propagation starts from loading point and propagated towards 

the support. It is obvious that the levels of stress shift up from almost zero in the first 

few microseconds to some mega-Pascal later. The point enduring highest stress 

indicating the time and location of the necking. The story is the same for both types of 

steels, however, levels of experienced stress were different owing to different material 

properties. It is worth noting that a huge rise in the stress level can be seen in the curve 

showing the necking time at the samples of both materials. Necking location can be 

extracted from the diagrams as well, since any vertical line drawn in the diagrams 

below, can reveals the amounts of stress at the same element. In other words, the 

location and the element necked can precisely be found.  
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Figure 6.5 Demonstration of stress curves of a selected SS 304 sample loaded under 

a strain rate of 200 1/s, in different time steps. Time is written in terms of 

microseconds (𝜇𝑠). 

 

 
Figure 6.6 Demonstration of stress curves of a selected DKP sample loaded under 

a strain rate of 200 1/s, in different time steps. Time is written in terms of 

microseconds (𝜇𝑠). 

 

6.2.3 Strains experienced by elements during stress propagation 

The propagation of strain inside the materials are drawn in Figures. 6.7, and 6.8. The 

point representing maximum strain indicating the location of the necking. In order to 

have curves plotted based on the strains in the elements of the material, normalized 

length was utilized so as to make the curves comparable. In other words, in the 

diagrams below, any vertical line passing through the curves gives the stress or strain 

values at an identical element in the samples loaded by various rates.  
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Similarly, the time when maximum strain (relevant curve in each plot) defining the 

time of necking. The diagrams are presenting the strain values based of the passage of 

the time. It also reveals that the strain wave starts to move from loading point towards 

the support- or vice versa in the reflection- with increasing the values. Necking occurs 

when the value reached and pass a limit, after which severe rises at the strain value 

will happen.  

 
Figure 6.7 Demonstration of corresponding strain (PEEQ) curves of a SS 304 

sample loaded under a strain rate of 200 1/s, in different time steps (see Figure6.5). 

Time is written in terms of microseconds (𝜇𝑠). 

 

 
Figure 6.8 Demonstration of corresponding strain (PEEQ) curves of a DKP sample 

loaded under a strain rate of 200 1/s, in different time steps (see Figure6.6). Time is 

written in terms of microseconds (𝜇𝑠). 
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6.3 Effects of loading rate 

As mentioned previously, the rate of loading affects the response of the material 

experiencing the loading. In this respect, the influences of the loading speed on the 

stress and corresponding strain, load-displacement curves, necking location, and 

fracture type were investigated. Stress wave propagation in the samples under high 

rate loading was also investigated as a function of the loading rate.  

6.3.1 Effects of loading rate on stress/strain endured  

Stress and corresponding strain experienced in two samples made of SS 304 and DKP, 

were put under three different loading speeds are shown in Figures. 6.9 and 6.10. The 

control is the elongation of the sample which was taken equal to 20 mm. In other 

words, all the data were gathered for the time, when the displacement of the sample at 

the loading point- in which the loading is imposed- reached a value of 20 mm. It can 

be understood that the levels of stress and strain are higher in the specimens loaded of 

higher speeds. This is because more energy can be received by the specimen loaded of 

higher rates. It can be understood that high rates of loading can lead to high speed of 

transmitting stress waves inside the material, thereby experiencing huge levels of 

endured stress inside the materials. Analogically, the levels of strains can be lower, or, 

in other words, necking can occur in smaller strains. In addition, it can be found out 

that the stress or even strain distribution in the samples loaded at higher rates than 

quasi-static are not symmetric anymore, which was the case in the specimens loaded 

by a quasi-static condition. This is because of stress waves propagating in the material 

as well as the reflected stress waves and their potential superposition.  

 

 
(a) 
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(b) 

 

 
(c) 

Figure 6.9 Demonstration of stress contours and corresponding strain contours of a 

SS 304 sample after 20 mm displacement, loaded under strain rate of, (a) 16 1/s, (b) 

100 1/s, and (c) 160 1/s. 

 

 

 
(a) 
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(b) 

 

 
(c) 

Figure 6.10 Demonstration of stress contours and corresponding strain contours of 

a DKP sample after 13.8 mm displacement, loaded under strain rate of, (a) 16 1/s, 

(b) 100 1/s, and (c) 160 1/s.  
 

It can be seen that loadings of higher rates can move the necking location from the 

middle of the samples- which are endured quasi-static loading- towards the loading 

points of them, but the position can be changed randomly. In other words, with 

increasing the loading speed, the necking location starts to change its initial place at 

the middle of the samples to other places inside the gage part of the samples, however, 

after augmenting the loading speed enough, the necking or even immediate rupture 

happens in the loading grip near the loading point. Moreover, based on experimental 

data we found out that fracture mode changes from the dimple type to the slip type 

when the loading rate is large enough. In other words, in the samples failed under 

quasi-static condition, the dominant fracture type is dimple, whereas in the samples 

failed under high rate loading the fracture type tends to be of shear type predominantly. 

This fact was supported while the observations of the fracture surfaces of the samples 

participated in the experiments of this study which were tensile tested in three different 

loading rates.  
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6.3.2 Effects of loading rate on load-displacement curves 

The influence of the loading rate on the mechanical response of the material under 

high rate loading was investigated in this section. The extracted load-displacement 

curves revealing the changes on the yield strength, ultimate strength, and plastic 

deformation zone of the response. After threshold, there are reduction in the values of 

displacement and maximum load. Threshold speed experiences the maximum loading 

in the both materials in use (Figs. 6.11 and 12).  

 
Figure 6.11 Demonstration of load-displacement responses of a SS 304 sample 

loaded under several loading speeds (V). 
 

 
Figure 6.12 Demonstration of load-displacement responses of a DKP sample loaded 

under several loading speeds (V). 

 

The main point extracted from both the diagrams- the same for both materials- is, with 

the increase of the loading rate the load-displacement response tends to move right-
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hand side. In other words, the delay in reaching the stress to the support lead the 

material to have displacement without experiencing any loading. This fact can justify 

the improvement of the maximum load experienced by the samples under high rate 

loadings. 

6.3.3 Effects of loading rate on maximum experienced loads 

In order to have a prediction of the maximum load endured by the samples loaded 

under different loading speeds, Figure 6.13 was plotted. Two materials (i.e. SS 304 

and DKP) are loaded under various loading speeds and the maximum experienced 

load. It is obvious that the increase of loading rate has direct effect on the maximum 

load of the samples experienced. The value by which the maximum experienced load 

rises is highly dependent on the mechanical properties of the material, as seen in the 

figure below. It can be revealed that the improvement in the maximum endured load 

of DKP is measurably more than that of SS 304, while comparing them at the same 

rate of loading. Another fact which can be extracted is in loadings of higher rates, but 

not much larger than quasi-static condition, there is no increase in the experienced 

loading.  

  
(a) (b) 

Figure 6.13 Maximum endured loads normalized by the quasi-static failure load as 

a function of applied loading rates, (a) SS 304, and (b) DKP.  

 

6.4 Necking location 

Given the samples experiencing high loading, several numerical investigations were 

conducted in order to reveal the necking dislocation in the loading speed of higher than 

quasi-static and lower than the threshold, in which the material does not bear any 

necking, and instead, the rupture point moves to the loading point of the sample. In 
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other words, it can be understood that the necking location at the ends of the gage parts 

can be an indication of entering to a threshold at loading rate. Above this limit material 

will endure necking at loading points which will be discussed later. The detailed 

information regarding SS 304 and DKP were respectively provided in Figures. 6.14, 

and 6.15.  

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 
Figure 6.14 Changes in the necking location of SS 304 samples with increasing the 

strain rate, (a) 0.0034 1/s, (b) 1.6 1/s (c) 16 1/s, (d) 100 1/s, and (e) 200 1/s. It is 

worth noting that just the location of the necking is important, not the elongation of 

the samples, because the element elongation is different for different figures.  

 

From the figures, it can be seen that with improving the loading rate the stress and 

strain distribution inside the materials is no longer symmetric like that of a sample 

under quasi-static condition. It changes to a non-symmetric type because of stress 

waves travelling inside the material, due to which different places of the specimens 

can have different levels of stresses, which change arbitrarily with the passage of time 
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and thanks to stress waves’ transmission, reflection or even the superposition of both 

types. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 
Figure 6.15 Changes in the necking location of DKP samples with increasing the 

strain rate, (a) 0.0034 1/s, (b) 1.6 1/s (c) 16 1/s, (d) 100 1/s, and (e) 200 1/s. It is 

worth noting that just the location of the necking is important, not the elongation of 

the samples, because the element elongation is different for different figures.  

 

6.5 Threshold of shock loading 

As mentioned previously, the necking location displace under high rate loading, for 

which there is a threshold. In this specific speed, material experience a small necking 

in the gage part but huge deformation and subsequent strains at the loading point (grip). 

From Figure 6.16, it can be seen that the strain at the loading point is the same as that 

at a location at the end of the gage part, which means that it is a threshold for the 

transfer of necking from a location into the gage part to the loading point. 
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(a) 

 

(b) 

 
Figure 6.16 Demonstration of the threshold of shock loading, (a) SS 304 under a 

loading speed 12 m/s, and (b) DKP under a loading speed of 10 m/s. The strain at 

the loading point is the same as that at a location at the end of the gage part. 
 

The Figure 6.17, shows the systematized logical tendency of the necking or rupture 

place in the samples under loading rates in the vicinity of impact loading. In the 

threshold speed, it can be seen that the strain at the loading point is larger than that in 

the immature necking point. After the threshold or the specific speed, the necking is 

not experienced in the sample and immediate rupture in the material occurs. In the 

figure below it can be seen that the rightmost elements were distorted hugely, which 

means that material failed at the loading point without experiencing any necking.  

 
(a) 

 
(b) 

Figure 6.17 Demonstration of the stress contour in the material under a loading 

speed (20 m/s) of higher than threshold speed, at the time as (a) 1.426 E-5 s, and (b) 

3.016 E-5 s.  
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Amazingly, in such a loading condition, the material during the first milliseconds of 

loading, does not experience any load in the support or in the leftmost elements. It can 

be justified by the fact that the stress waves have not reached the support yet. Figure 

6.18 represents the necking dislocation towards loading point through the strain 

(PEEQ) experienced by the sample, along the normalized length. It can be learnt that 

the values of strain are so high in the loading point- between the first and second rows 

of the elements, whereas the values out of that point is almost zero. In other words, 

neither stresses, nor corresponding strains reached the support section or its vicinity 

yet.  

  
(a) (b) 

Figure 6.18 Illustration of necking location towards loading point, samples made of 

(a) SS 304, and (b) DKP, loaded with 20 m/s. 
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CHAPTER 7 

 

CONCLUSIONS 

 

7.1 Remarks 

To investigate the effects of the loading rate on the necking phenomenon as well as its 

influences on some other parameters like necking itself, stresses and strains endured, 

delay in stress propagation, and threshold of shock wave, stress wave propagation 

technique was utilized in explicit environment of ABAQUS. The results obtained from 

stress wave propagation technique are in accordance with those obtained from 

Considère’s equation, although there is a small difference between them. The present 

technique outweigh the classic criterion of Considère, due to two main reasons; the 

applicability of predicting the necking location, and the possibility for computing 

necking time.   

Analytical formulation was used in order to predict the time of the necking places base 

on elastic and plastic stress wave speeds, and sound speed inside the materials. 

Considère criterion also utilized in order to estimate the necking occurrence roughly.  

It was found out that necking location changes randomly with the increase of loading 

speed. Also, there is a threshold speed, after which necking occurs at the grip which is 

near the loading point. There is a delay in the stress wave propagation in the materials 

loaded by high rate, which increase with the increase of loading speed. In such cases, 

the speed of deformation is higher than stress wave propagated inside the materials. 

During the time period related to the delay, the support of the specimen does not 

experience any stress yet, due to which no loading recorded in the history of that 

specimen, thereby starting to endure loading by sample after some micro-seconds.  

Eventually, the shape of the load-displacement curves changes through increasing the 

loading speed. Also the amount of maximum load endured by the specimen slightly 

enhances with the rise of the loading rate. This can be justified by the fact that in the 
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sample enduring higher rates of loading, the stress waves are larger, hence, the stress 

and resultant experienced load are larger than usual.  

In general, it was found out that the stress propagation technique is more powerful than 

other prevalent techniques. We can calculate both necking time and position thanks to 

this method. In other words, the advantage of the method is its capability in the 

simulation of necking and the prediction of its location in the samples under high rate 

loading.   

7.2 Future works  

The study can be continued through future thesis regarding the stress propagation 

technique in both metallic and non-metallic materials. Two suggestions of the author 

can be as follows: 

I. The use of technique for the materials under impact loading experiencing shock 

waves. 

II. Implementation of the method in polymeric materials like composites.  
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