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ABSTRACT  

 

The aim of the work presented herein is to model the roles of micro-deformation 

mechanisms on the deformation response of high-manganese austenitic steel single and 

polycrystals deformed under tensile and impact loading. The first part of this study uncovers 

the individual roles of twinning and slip-twin interactions on the deformation response of 

twinning induced plasticity steels (TWIP) utilizing a crystal plasticity approach. The plastic 

deformation mechanisms active in and the strain hardening behaviors of [100], [110] and 

[216] oriented single crystalline and polycrystalline TWIP samples were investigated at room 

temperature utilizing combined experimental and numerical methods. Transmission electron 

microscopy results revealed that very fine twins with a low contribution to the overall twin 

volume fraction vary in length scales, and interact with each other and dislocations, enhancing 

the work hardening capacity of the material. In order to predict the corresponding 

macroscopic deformation response, a novel strain hardening law was proposed, which 

accounts for the important contributions of slip-twin and grain boundary - dislocation 

interactions on the strain hardening response. The proposed hardening scheme was 

implemented into visco-plastic self-consistent crystal plasticity algorithm, and the model 

successfully predicted the macroscopic deformation response. More importantly, the current 

findings shed light onto the individual contributions of twinning and slip-twin interactions on 

the overall work hardening capacity of TWIP steels. 

In the second part, a multi-scale modeling approach was applied to predict the impact 

response of strain rate sensitive high-manganese austenitic steel. The roles of texture, 

geometry and strain rate sensitivity were successfully taken into account all at once by 

coupling crystal plasticity and finite element (FE) analysis. Specifically, crystal plasticity was 

utilized to obtain the multi-axial flow rule at different strain rates based on the experimental 
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deformation response under uniaxial tensile loading. The equivalent stress – equivalent strain 

response was then incorporated into the FE model for the sake of a more representative 

hardening rule under impact loading. The current results demonstrate that reliable predictions 

can be obtained by proper coupling of crystal plasticity and FE analysis even if the 

experimental flow rule of the material is acquired under uniaxial loading and at moderate 

strain rates that are significantly slower than those attained during impact loading. 

Furthermore, the current findings also demonstrate the need for an experiment-based multi-

scale modeling approach for the sake of reliable predictions of the impact response. 
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ÖZET 

 

Burada sunulan çalışmanın amacı, monoton ve darbe yükleri altındaki tek ve çok 

kristalli yüksek manganezli östenitik çeliklerin makro-deformasyon davranışlarına etki eden 

mikro-deformasyon mekanizmalarının rollerinin modellenmesidir. Bu çalışmanın ilk bölümü, 

Twinning Induced Plasticity (TWIP) çeliklerinde ikizleme ve kayma-ikizleme etkileşimlerinin 

deformasyon davranışındaki üzerindeki tekil rollerini kristal plastisite yaklaşımıyla 

açıklamaktadır. [100], [110] ve [216] yönelimli tek kristal ve çok kristalli TWIP çeliği 

örneklerinin oda sıcaklığındaki plastik deformasyonu ve pekleşme kanunu deneysel ve 

nümerik metotlar kullanılarak incelenmiştir. Geçirim elektron mikroskop (TEM) sonuçları, 

toplam ikiz hacim yüzdesine katkısı az olan oldukça ince ikizlerin ölçek olarak değişiklik 

gösterdiğini, birbirleriyle ve dislokasyonlarla etkileşim halinde olarak malzemenin işlem 

sertleşme kapasitesini arttırdığını açığa çıkartmıştır. Uygun makroskopik deformasyon 

davranışını öngörmek için kayma-ikizleme ve dislokasyon-tane sınırı etkileşimlerinin önemli 

katkılarını içeren özgün bir gerinim sertleşmesi kanunu önerilmiştir. Önerilen pekleşme 

şeması visko-plastik kendinle uyumlu (VPSC) kristal plastisite algoritmasına dahil edilmiş ve 

model başarıyla makroskopik deformasyon davranışını öngörmüştür. Daha önemlisi, mevcut 

bulgular ikizleme ve kayma-ikizleme etkileşimlerinin toplam işlem sertleşme kapasitesi 

üzerindeki tekil katkılarına ışık tutmuştur.    

İkinci bölümde, gerinim duyarlı yüksek manganezli östenitik çeliğin darbe yükü 

altındaki davranışını öngörmek için çok-ölçekli modelleme yöntemi kullanılmıştır. Kristal 

plastisite ve sonlu elemanlar (FE) analizi birleştirilerek malzemedeki doku, geometri ve 

gerinim duyarlılığının rolleri aynı anda dikkate alınmıştır. Spesifik olarak, farklı gerinim 

hızlarında deneysel tek eksenli çekme yüklemesi verilerine dayalı çok eksenli akma kuralını 

elde etmek için kristal plastisite kullanılmıştır. Eşdeğer gerilim-eşdeğer gerinim davranışları 
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darbe yüklemesi altıdaki pekleşme kuralını daha iyi temsil etmek adına FE modeline dâhil 

edilmiştir. Mevcut bulgular, kristal plastisite ve FE analizlerinin uygun eşleştirilmesi sonucu; 

malzemenin deneysel akma kuralı darbe yüklemesine oranla dikkate değer düşüklükteki orta 

dereceli gerinim hızında ve tek eksenli yükeleme altında elde edilse dahi güvenilir sonuçlar 

verdiğini göstermiştir. Buna ek olarak, mevcut sonuçlar sağlıklı darbe davranışını öngörüsü 

için deneye dayalı çok ölçekli modelleme yönteminin gerekliliğini kanıtlamıştır.       
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1 CHAPTER 1 

UNCOVERING THE INDIVIDUAL ROLES OF TWINNING AND SLIP-TWIN 

INTERACTIONS ON THE DEFORMATION RESPONSE OF TWINNING INDUCED 

PLASTICITY STEELS: A CRYSTAL PLASTICITY APPROACH 

 

1.1 Introduction 

High-manganese austenitic steels (HMnAS) featuring twinning-induced plasticity 

(TWIP) effect recently attained interest especially from automotive industry [1-6]: high 

ductility of TWIP steels improve formability of complicated car body components while their 

outstanding strain hardening capacity makes them good shock absorbers. Having significant 

strength and toughness, this material allows for manufacturing of light-weight automobile 

parts without sacrificing from safety, thereby further improving the carbon emission 

performance of the vehicles [1–6]. In order to broaden the scope of the utility of this class of 

steels, tailoring their mechanical properties and performance, and fully understanding the 

underlying reasons of their remarkable work hardening is imperative. With this motivation, 

numerous studies have been carried out, however; despite a decade-long accumulation of 

knowledge, relative contributions of active deformation mechanisms to the overall work 

hardening of TWIP steel have not been clearly laid out yet.  

TWIP steels have a stable face-centered cubic (FCC) structure with a chemical 

composition of Fe, 25-35 wt.% Mn, less than 1 wt.% C, and other minor alloying elements, 

such as Al, V, Cr and Si. This class of advanced steels characteristically have a low stacking 

fault energy (SFE) ranging from 20 to 40 mJ m
-2

, which allows for simultaneous slip and 

twinning activity starting in the early stages of plastic deformation at room temperature [7–

11]. As for the outstanding work hardening capacity of HMnAS, including TWIP steels, two 

different reasons stand out: dynamic strain aging and the dynamic Hall-Petch effect [12-23]. 
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In the case of dynamic strain aging (DSA), mobile carbon (C) atoms couple with 

manganese (Mn) atoms throughout the lattice. These C-Mn couples reorient in the cores of 

dislocations and create ubiquitous small stress localizations during plastic deformation, which 

delays necking [12–17]. DSA is an important phenomenon for HMnAS exhibiting serrated 

flow [15,16,18], however; the observed mechanical response of TWIP steels cannot be 

attributed to DSA only, since multiple competitive micro-deformation mechanisms are 

simultaneously active [1,13,14], where the effect of twinning is especially incontrovertible. 

As for the so-called dynamic Hall-Petch effect, mechanical twins divide initial grains into 

sub-grains as the deformation proceeds. Consequently, even though they are relatively less 

impenetrable [11,19–23], the twin boundaries constitute additional barriers that prevent 

dislocation motion as the grain boundaries do [24,25]. Indeed, the debate on whether DSA or 

dynamic Hall-Petch dictates the hardening behavior of TWIP steels has been the subject of 

several works [13-19], and it has been demonstrated that TWIP steels with minor DSA 

activity still exhibit high work hardening rates [17] while the DSA effect remains rather 

limited in HMnAS with carbon content less than 0.6 wt% in the presence of significant 

twinning activity [14]. Accordingly current study focuses on revealing the effect of 

mechanical twins on work hardening of TWIP steels rather than the effect of DSA. 

One of the first experimental investigations on the role of twinning on the mechanical 

behavior of HMnAS was forwarded by Remy et al. [19], who suggested that mechanical twins 

act as strong obstacles that prevent dislocation glide, eventually leading to the high work 

hardening rate exhibited by HMnAS. Following Remy et al., slip-twin interactions were 

associated with the high work hardening rates exhibited by TWIP steels [26], such that twins 

provide effective barriers that reduce the mean free path (MFP) of glide dislocations [6,26]. 

Formation of nano-twins within primary twins were demonstrated to further promote strain 

hardening in TWIP steels [25,27–29].  
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Further experimental studies revealed that a significant fraction of twins are in the order 

of nanometers, especially during the early stages of deformation [30,31]. For instance, Idrissi 

et al. [32] presented experimental evidence for slip-twin interactions utilizing detailed in-situ 

transmission electron microscopy (TEM). However, examined area in a typical TEM sample 

is very limited and the obtained information is two dimensional, reflecting only the deformed 

surface but not the bulk texture. Thus, different methods have been employed to enlarge the 

inspected area as compared to a standard TEM sample: for instance, Steinmetz et al. [11] used 

electron channeling contrast imaging (ECCI) on TWIP steel, and with the based on the 

corresponding experimental observations, proposed a constitutive model to simulate work 

hardening of TWIP steel, incorporating twin nucleation, slip-twin interactions, twin growth 

and temperature effect without considering any grain orientation or reorientation [11]. 

However, despite the considerably larger examination area of a typical ECCI sample, this 

technique was not able to detect the nano-twin structures that formed in the early stages of 

deformation due to inadequate resolution and scale difference. Moreover, nano-twins forming 

in the early stages of deformation evolve to macro-twins with proceeding deformation, which 

become visible through even confocal microscopy during later stages of the deformation, but 

therefore are too large to be properly investigated under TEM [28]. Accordingly, the influence 

of mechanical twinning on the deformation response becomes more evident concomitant with 

increasing deformation rate, however; in-situ and post-experimental electron-optical 

techniques have so far proven insufficient for drawing solid conclusions on individual 

contributions of slip and twinning due to scale variation of twins throughout the complete 

plastic deformation regime.   

To overcome this scale transition difficulty, various studies adopted combined 

experimental-numerical techniques, or fully theoretical models to understand the role of 

twinning in TWIP steels [5,7,24,33,34]. Allain et al. [24] developed a constitutive law for 
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predicting the evolution of twin volume fraction of TWIP steels, and mathematically 

formulated the thickening of hundred-nanometer-wide micro-twin stacks into a few tens of 

micrometers. A different approach, where a self-consistent elastic-viscoplastic crystal 

plasticity approach based on homogenization of representative volume elements was utilized, 

theoretically demonstrated that the slip-twin interactions dictate the work hardening response 

in TWIP steels following about 15% strain [34]. In addition, Dancette et al. [33] investigated 

hardening behavior and texture development of polycrystalline TWIP steels making use of 

crystal plasticity-based finite element method (CPFEM) [35–37] and  statistical Taylor-type 

homogenization-based multisite advanced Lamel (ALAMEL) [38] method. The ALAMEL 

model proved successful for early stages of plastic deformation, while CPFEM approach 

provided more accurate predictions in the later stages of deformation, and thus, neither model 

was sufficient in predicting the complete deformation response [33].  

In order to successfully predict the macroscopic response behavior of TWIP steels 

throughout the entire range of deformation and by accounting for their microscopic 

deformation mechanisms and textures, the well-known visco-plastic self-consistent (VPSC) 

crystal plasticity algorithm [39,40] developed by Lebensohn and Tome was utilized by several 

researchers [5,7]. For instance, Prakash et al. [5] utilized the predominant twin reorientation 

(PTR) method [41] adopted in VPSC to predict the twinning activity and texture evolution in 

TWIP steels, and compared this approach to that proposed by Kalidindi et al. [42,43]. In the 

PTR method, number of grains in the polycrystalline aggregate does not change, however; 

each grain is reoriented when the twinning volume fraction exceeds a threshold value. In 

Kalidindi’s model, on the other hand, subdivision of grains by twinning is allowed for, and 

only the twinned region is reoriented rather than the whole grain. It was concluded that PTR is 

a better method to predict TWIP steel deformation response. Supporting evidence was 

forwarded by Saleh et al. [7] who investigated three different micro-deformation models 
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utilizing VPSC: activation of only partial slip, PTR method, and twinning treated as 

directional slip. A comparison of these three models also revealed that the PTR method 

provided the best predictions of mechanical response and texture evolution, as evidenced by 

experimental deformation, XRD and EBSD results. 

VPSC was previously utilized with great success for clarifying the contributions of 

different micro-deformation mechanisms to the exceptional work hardening response of 

Hadfield steel, which constitutes the basis of many HMnAS, including TWIP steels. For 

instance, in the works of Karaman et al.[44–47] on both single and polycrystals of Hadfield 

steels, the classical Voce hardening formulation was improved by introducing additional 

terms that accounted for the contribution to hardening imposed by the hindering of dislocation 

motion by twin and grain boundaries [47], such that an ultrafine-grained structure was 

mimicked. Likewise, Canadinc et al [10,48] modeled the role of high-density dislocation 

walls (HDDWs) on the hardening response of Hadfield steel with VPSC.  Specifically, the 

three-dimensional geometry-based interaction between the glide dislocations and the HDDWs 

was incorporated into the classical Voce hardening scheme as an additional flow stress rate. 

Following the approach proposed by Canadinc et al., present work focuses on 

identifying and modeling the individual and collective roles of active micro-deformation 

mechanisms on the strain hardening response of TWIP steels. Specifically, the influences of 

slip, twinning, slip-grain boundary and slip-twin interactions on the deformation response of 

single- and polycrystalline TWIP steels were studied within the VPSC crystal plasticity 

framework. A physics-based constitutive law was proposed and incorporated into VPSC 

model to geometrically account for twin-slip interactions, where twins were modeled as 

effective barriers against dislocation motion. A comparison of experimental results and 

numerical simulations revealed that mechanical twins significantly contribute to the rapid 

strain hardening of TWIP steel. Secondary twinning is especially allowed in VPSC 
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simulations to simulate nano-twin formation within twinned regions which is experimentally 

observed to be an important mechanism responsible for the superior ductility of this material 

[27]. The combined numerical and experimental approach presented herein not only 

demonstrates the success of the proposed constitutive law in predicting the experimental 

deformation response and the corresponding work hardening throughout the whole plastic 

regime, but also uncovers the individual contribution of scale-variant twinning activity to the 

overall work hardening in TWIP steels. Moreover, the current findings on the physics of 

twinning in TWIP steels constitute a step forward in understanding the complicated micro-

deformation mechanisms active in TWIP steels, and open a new venue for improving the 

manufacturing quality and performance of new generation advanced steel grades.   

1.2 Experimental Procedures  

The material investigated in this work is the commercial X-IP
TM

 1000 TWIP steel (0.6 

C, 22.36 Mn, 0.25 V, 0.2 Cr, 0.25 Si wt.%) with a sheet thickness of 1.6mm and an average 

grain size of about 2µm. For single crystal growth, the Bridgman technique with a Helium 

atmosphere was employed. The chemical composition of the single crystal was determined to 

be very similar with a slight decrease in the Mn content from 22.36 to 21.7 wt. %. Samples 

featuring a gauge section with the dimensions of 15mm × 3mm × 1.6mm were machined from 

the initilal polycrystalline sheet and the single crystals by electro-discharge machining 

(EDM). In order to remove the EDM-affected surface layer and to ensure a high surface 

quality, all samples were mechanically ground down to a grit size of 5µm prior to testing.  
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1.3 Incorporation of slip-twin and slip-grain boundary misorientation angle 

interactions into VPSC algorithm 

In present work, the total hardening is attributed to three main components: the first 

component accounts for the hardening due to dislocation motion in grains, second due to 

dislocation motion – twin interactions and third due to dislocation motion – grain boundary 

interactions. The overall dislocation density can be expressed as  

  𝜌̇ = ∑ {𝑘1√𝜌 − 𝑘2𝜌}|𝛾̇𝑛| +𝑛 ∑ ∑
𝐾

𝑐𝑏
cos 𝜃𝑛𝑟|𝛾̇𝑛|𝑟𝑛 + ∑ ∑

𝐾

𝑑𝑏
(1 + sin 𝜃𝑞)|𝛾̇𝑛|𝑞𝑛                  (1) 

where 𝑘1 and 𝑘2 are constants, 𝐾 is a geometric constant, and 𝑏 represents the burger 

vector.The term 𝑐 represents the average spacing between twins. The term 

∑ ∑
𝐾

𝑐𝑏
cos 𝜃𝑛𝑟|𝛾̇𝑛|𝑟𝑛  accounts for the contribution due to the interaction between the 

dislocations on the active slip system  𝑛 and the active twin system 𝑟. The angle 𝜃𝑛𝑟 is the 

angle between the plane normals of the active slip and twinning systems (Figure 1.3.1). The 

third term ∑ ∑
𝐾

𝑑𝑏
(1 + sin 𝜃𝑞)|𝛾̇𝑛|𝑞𝑛  accounts for the contribution due to the interaction 

between the dislocations on the active slip system 𝑛 in grain one and the grain boundary of 

the neighboring grain two [49,50]. The term d represents the average grain size of the 

aggregate. The angle 𝜃𝑞 is the misorientation angle between the surface normals of grains one 

and two (Figure 1.3.2). 
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Figure 1.3.1. (a) Schematic representation of the interaction between twin system r and active 

slip system n, (b) selected area diffraction (SAD) pattern evidencing twinning activity. 

 
Figure 1.3.2. Schematic representation of the interaction between grain boundary 

misorientation angles and active slip system n. 
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We define the flow stress 𝜏 in the traditional Taylor hardening format as 

𝜏 − 𝜏0 = 𝛼𝜇𝑏√𝜌                                                                    (2) 

where 𝜏0 is a reference strength, which is taken as the microscopic yield in our analysis. The 

relationship between the term 𝑐, average spacing between twins and the term 𝑓, representing 

the volume fraction of twinning in grain, is defined as follows: 

1

𝑐
=

1

2𝑡

𝑓

1−𝑓
                                                                                                                                  (3)                 

where 𝑡 represents the average twinned region thickness which is taken as 10
-7

 m [8]. The 

time derivative of Eq. (2) in which 𝜏0 is taken as constant, gives the rate of flow stress as 

follows:  

𝜏̇ =
𝛼𝜇𝑏𝜌̇

2√𝜌
                             (4) 

Substituting Eq. (1) into Eq. (4) results in 

𝜏̇ =
𝛼𝜇𝑏

2√𝜌
∑ {

𝐾

𝑐𝑏
∑ cos 𝜃𝑛𝑟 +

𝐾

𝑑𝑏
∑ (1 + sin 𝜃𝑞)𝑞 + 𝑘1√𝜌 − 𝑘2𝜌𝑟 } |𝛾̇𝑛|𝑛                   (5) 

which simplifies to 

𝜏̇ = ∑ {
𝛼𝜇𝐾

2𝑐√𝜌
∑ cos 𝜃𝑛𝑟 +

𝛼𝜇𝐾

2𝑑√𝜌
∑ (1 + sin 𝜃𝑞)𝑞 + 𝑘1

𝛼𝜇𝑏

2
− 𝑘2

𝛼𝜇𝑏

2
√𝜌𝑟 } |𝛾̇𝑛|𝑛                  (6) 

From Eq. (2), the following identity is obtained for the square root of the density of 

dislocations: 

√𝜌 =
𝜏−𝜏0

𝛼𝜇𝑏
                           (7) 

Once the Eqs. (3) and (7) are substituted into Eq. (6), the rate of flow stress evolution is 

given by 

𝜏̇ = ∑ [
𝛼2𝜇2𝑏𝐾

4𝑡(𝜏−𝜏0)

𝑓

1−𝑓
∑ cos 𝜃𝑛𝑟 +

𝛼2𝜇2𝑏𝐾

2𝑑(𝜏−𝜏0)
∑ (1 + sin 𝜃𝑞)𝑞 + {𝑘1

𝛼𝜇𝑏

2
− 𝑘2

(𝜏−𝜏0)

2
}𝑟 ] |𝛾̇𝑛|𝑛         (8) 

One should note that the term {𝑘1
𝛼𝜇𝑏

2
− 𝑘2

(𝜏−𝜏0)

2
} in Eq. (8) is the well-known Voce 

hardening term. Eq. (8) can also be written as [51,52]: 
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 𝜏̇ = ∑ [
𝛼2𝜇2𝑏𝐾

4𝑡(𝜏−𝜏0)

𝑓

1−𝑓
∑ cos 𝜃𝑛𝑟 +

𝛼2𝜇2𝑏𝐾

2𝑑(𝜏−𝜏0)
∑ (1 + sin 𝜃𝑞)𝑞 + {𝜃0 (

𝜏𝑠−𝜏

𝜏𝑠−𝜏0
)}𝑟 ] |𝛾̇𝑛|𝑛                    (9) 

where 𝜃0and 𝜏𝑠 are constant strain hardening rate and the saturation stress in the absence of 

geometric effects, or the threshold stress respectively. Eq. (9) represents the full hardening 

law which considers twin-slip and slip-grain boundary interactions of TWIP steel.    

{𝜃0 (
𝜏𝑠−𝜏

𝜏𝑠−𝜏0
)} term in eq. 9 is the classical Voce hardening term. VPSC algorithm utilizes a 

reference hardening function for each micro deformation system which is the extended 

version of the classical Voce hardening term [51,53] defined as below: 

𝜏𝑠 = 𝜏0 +  (𝜏1 + 𝜃1Г) (1 − 𝑒𝑥𝑝 (−
𝜃0Г

𝜏1
))                                                                             (10)                            

where 𝜏0 is the initial critical resolved shear stress (CRSS). Hardening is defined in eq. 10 by 

the parameters, 𝜃0, 𝜃1 and (𝜏0 + 𝜏1) which are initial hardening rate, the asymptotic 

hardening rate and the back-extrapolated CRSS respectively [54]. Hardening parameters of 

the poly-crystal and single crystal samples of TWIP steel are provided in Figures 1.4.1-1.4.4. 

Table 1.3.1 shows the numerical values of constants [27,44,55] that are used in eq. 9 which is 

the full hardening law. 

 

Table 1.3.1. Constants used in eq. (9) for poly-crystal and single crystals oriented along 

[100], [110] and [216].  

Constants µ (MPa) α b K t (m) d (m) 

Numerical value 71x10
3 

0.4 2.58x10
-10 

8x10
4 

10
-7 

20x10
-6 
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1.4 Results & Discussion 

The room temperature experimental and simulated tensile true stess - true inelastic 

strain responses of [100], [110] and [216] oriented single crystalline, and polycrystalline X-IP 

TWIP steel samples are provided in figures 1.4.1-1.4.4. All single crystalline samples 

experimentally displayed high ductility with minimum 70% true inelastic strain concomitant 

with high strength, attaining a minimum of 900 MPa true stress, indicating the rapid 

hardening characteristically observed in TWIP steels. Polycrystalline samples, on the other 

hand, exhibited 45% true inelastic strain with a superior strength of about1600 MPa. The 

stress-strain responses of X-IP steel samples were predicted by first applying the original 

VPSC model, and then by utilizing the modified VPSC algorithm which takes the slip-

twinning and dislocation-slip interactions into account as explained in eqs. 1-10.  

Figure 1.4.1. Experimental uniaxial tensile deformation response of the [100] oriented single 

crystalline X-IP steel samples and the corresponding crystal plasticity simulations. The Voce 

hardening parameters for the simulation accounting for the slip-twin interactions are provided 

in the inset.  
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Figure 1.4.2. Experimental uniaxial tensile deformation response of the [110] oriented single 

crystalline X-IP steel samples and the corresponding crystal plasticity simulations. The Voce 

hardening parameters for the simulation accounting for the slip-twin interactions are provided 

in the inset. 

 

Figure 1.4.3. Experimental uniaxial tensile deformation response of the [216] oriented single 

crystalline X-IP steel samples and the corresponding crystal plasticity simulations. The Voce 

hardening parameters for the simulation accounting for the slip-twin interactions are provided 

in the inset. 
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Figure 1.4.4. Experimental uniaxial tensile deformation response of polycrystalline X-IP steel 

samples and the corresponding crystal plasticity simulations. The Voce hardening parameters 

for the simulation accounting for the slip-twin interactions are provided in the inset. 

 

In Figures 1.4.1-1.4.4., the elastic portions of the experimental tensile deformation data 

are excluded from the true inelastic stress-strain curves since the VPSC model only considers 

the plastic deformation of the polycrystalline materials.  For single crystal modeling, the same 

Euler angles, which were determined by experimental XRD analyses, were assigned to all 

grains such that the overall aggregate has the corresponding single crystalline sample texture. 

As for the polycrystalline samples, the experimentally measured texture was utilized as a 

direct input for VPSC. Accounting full anisotropy; <110> (111) primary slip, <110> (112) 

primary twinning and <110> (112) secondary twinning systems are activated while modeling 

X-IP TWIP steels. Secondary twinning system which allows further twinning in already 

twinned regions is allowed since this material exhibits secondary micro-twins or even nano-

twins within existed twins instead of twin thickening (Figures 1.4.5 and 1.4.6) [27–30,56,57]. 

Although classical Voce hardening law already defined within original VPSC algorithm 

[51,54] simulated the [100] oriented single crystal X-IP steel’s plastic deformation behavior 

well (figure 1.4.1, simulation without slip-twin interaction); the hardening of [110] and [216] 
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oriented single crystals are under predicted, especially beyond plastic strains of 40% and 30%, 

respectively (figures 1.4.2 and 1.4.3, simulation without slip-twin interaction). 

Figure 1.4.5. Schematic representation of scale-variant twinning activity, and dislocation-

twin and dislocation - grain boundary interactions in single- and polycrystalline X-IP steel 

samples. 

Figure 1.4.6. TEM images of (a) [216] oriented single crystalline X-IP steel exhibiting two 
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different nano-twin variants as schematically shown in figure 1.4.5 c, and (b) polycrystalline 

X-IP steel exhibiting micro- and nano-twin interactions as schematically shown in figures 

1.4.5 c and 1.4.5 d. Both TEM images were recorded upon failure of the samples. 

 

Hence, hardening law of the TWIP steel is re-defined by implementing twin-slip and 

dislocation-grain boundary interactions into VPSC algorithm explained in previous chapter in 

eqs. 1-10. Voce hardening parameters that are used for fitting are provided as insets in figures 

1.4.1-1.4.4. The parameter 𝜏0 which defines the critical shear stress for slip motion (CRSSs) is 

calculated according to Schmid’s law [58] for the single crystal cases. For the poly crystalline 

sample, CRSSs was determined by dividing the corresponding experimental yield value by the 

Taylor Factor [59]. For the critical resolve shear stress considering twinning mechanism 

(CRSSt), there are multiple theories proposed in literature [11,24,44,57,60], however; none of 

these models have been successful in explaining or predicting the experimentally observed 

deformation behavior of TWIP steels, yet. It is well-known that grain boundaries act as twin 

nucleation sources in polycrystals [2,60], however; for the single crystals pre-existing defects, 

Lomer-Cottrell locks, pre-existing dislocations that evolve into multi-layered stacking faults, 

or intrinsic stacking faults are usually thought to be the sources of twinning [44–47,60–63]. 

Although twin nucleation mechanism is beyond the scope of the current study, closely related 

microscopic yield stress of twinning becomes important for VPSC simulations. A significant 

number of studies argued that multiple slip systems should be active to initiate twinning 

[2,44,61,64,65]. On the other hand, Karaman et. al. reported having a higher Schmid factor, 

twinning is the primary microscopic deformation system and twinning initiates before slip in 

[111] oriented single crystalline Hadfield steel [45]. Recently, supporting Karaman et. al. [45] 

Rahman et. al. conducted a cyclic loading test on polycrystalline TWIP steel at stresses 200 

MPa which is much below the macroscopic yield stress and observed plastic deformation 

[56,57]. Developed plastic deformation at low stresses is attributed to occurrence of nano-

twins that diffracted intensity and peak width profiles revealed besides TEM images. It was 
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concluded that twinning is related to the partial dislocations yet starts prior to slip motion 

[56,57]. In this study; CRSSt is treated as a Voce hardening parameter and the best result is 

obtained only if CRSSt is defined lower than the CRSSs as can be seen in figures 1.4.1-1.4.4. 

This result supports that twinning mechanism becomes active earlier than dislocation slip in 

TWIP steels.  

 
Figure 1.4.7. Average number of active systems (AVACS) predicted by VPSC accounting for 

slip-twin interactions throughout the deformation of (a) [100], (b) [110], (c) [216] oriented 

single crystal and (d) polycrystalline X-IP steels. 



 

17 

 

 
Figure 1.4.8. EBSD image of [110] oriented single crystalline X-IP steel sample deformed to 

35% strain showing only four different active deformation systems.  

 

Introduced VPSC simulations validates not only the strong effect of dislocation pile-ups 

trapped in twin boundaries on macroscopic response of the TWIP steel, but also accounts for 

nano and micro twin formations. For [110] oriented single crystal X-IP steel, only four active 

systems are visible via electron backscatter diffraction (figure 1.4.8) however VPSC 

simulations with slip-twin interaction shows that on average, seven different systems are 

active. Since micro and nano twins that form within macro twins [28–30,56] are only visible 

via TEM because of the scale variance and since the spatial resolution of EBSD is insufficient 

to capture that small orientation difference.  Accordingly, such difference between EBSD 

results and VPSC simulations with slip-twin interaction was expected. Utilized numerical 

approach was able to capture the average number of active systems (AVACS) throughout the 

plastic deformation in a more realistic way than EBSD or ECCI. 
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Figure 1.4.9. Total twin fraction predicted by VPSC simulations with slip-twin interaction in 

(a) single crystalline and with slip-twin and dislocation-grain boundary interactions in (b) 

polycrystalline X-IP steels. 

 

Studies on texture evolution of TWIP steel revealed that twins are very thin and do not 

have enough volume to affect the texture however have strong influence in hardening 

[2,28,30,31]. De Cooman et. al. [30] utilized the original VPSC algorithm to model twin 

fraction of  polycrystalline TWIP steels and reported 10% twin volume fraction at 0.45 true 

strain: even though twin volume effect is rather large in VPSC simulations, the experimental 

inverse pole figures of TWIP steels conversely show very small fraction of few twins with 

nanometer-thickness on fracture surface, which cannot significantly contribute to the overall 

twinning volume fraction [30]. Similarly, Yan et. al. [31] used the original VPSC algorithm 

while modeling polycrystalline TWIP steels neglecting the interactions between twin and slip 

mechanisms, and reported that contribution of twinning is over-predicted compared to 
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experimental results and twin volume fracture is indicated as 10% by VPSC at 47% plastic 

strain.  It was concluded that twinning and slip alternates during plastic deformation [31] 

which is consistent with figure 1.4.7. In this study utilizing the same algorithm with re-

defined hardening law, twin volume fraction is determined as less than 2% for single and poly 

crystal TWIP samples.  

Figures 1.4.1-1.4.9 show the success of the proposed constitutive law in predicting the 

experimental deformation response with corresponding work hardening and individual roles 

of twinning and slip throughout the whole plastic regime. Specifically, the current findings 

reveal that scale-variant twinning activity provides grain boundary-like obstacles against 

dislocation slip, and thereby trap dislocations (Figures 1.4.5 and 1.4.6).Even though the 

simulated twin volume fraction was very low (about 1.5%), VPSC results show that slip-twin 

interactions highly contribute to hardening of the TWIP steel which is coherent with the 

experimental findings in literature [2,27,29–31,56,57]. High number of active deformation 

systems and low twin volume fraction reveal the importance of scale-variant twining activity 

on the macroscopic deformation response of TWIP steel. It should be noted that, even though 

the current modified VPSC model is able to capture the effects of all active systems on the 

overall deformation response, including nano-scale twins, the average twin thickness was 

introduced as 100nm [27] in the algorithm for all possible twin systems (Table 1.3.1). 

Attaining varying thicknesses for different twin systems and predicting discrete twin volume 

fractions at different scales is left for future work, since the currently available experimental 

techniques are limited to a very small volume of the material, significantly restricting a 

reliable assessment of the respective volume fractions of the involved micro- and nano-

deformation mechanisms. 
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1.5 Conclusions 

The present study was undertaken with the motivation of establishing the individual 

roles of twinning and slip-twin interactions, as well as the dislocation - grain boundary 

interactions, on the deformation response of twinning-induced plasticity (TWIP) steels. For 

this purpose, utilizing combined experimental and numerical methods, [100], [110] and [216] 

oriented single crystalline, and polycrystalline samples of the commercially available X-IP 

TWIP steel were investigated. The following conclusions can be drawn from the work 

presented herein: 

- A visco-plastic self-consistent (VPSC) crystal plasticity model was modified to model 

the uniaxial tensile deformation response of the X-IP TWIP steel samples. The proposed 

hardening law which accounts for slip-twin interactions, as well as dislocation - grain 

boundary interactions, yielded successful predictions of the macroscopic deformation 

response.  

- The current findings support the argument that twinning initiates before slip in TWIP 

steels. Specifically, the critical resolved shear stress (CRSS) for twinning is lower than the 

CRSS for slip. Furthermore, experimental evidence shows that nano-twins forming within 

primary twins actively contribute to the load bearing capacity and the overall work hardening 

of the X-IP steel single- and polycrystalline samples at room temperature. 

- Very fine twins with a total volume fraction of 1.5% form in varying length scales in 

TWIP steels throughout deformation. Even though twin volume fraction is very low, slip-twin 

interactions highly contribute to overall hardening capacity since twins constitute strong 

obstacles against dislocation motion. At the same time, formation of nano-scale twins within 
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primary twins provides a venue for the continuation of plastic deformation, increasing both 

the ductility and the load bearing capacity of X-IP TWIP steels.  
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2 CHAPTER 2 

MULTI-SCALE MODELING OF THE IMPACT RESPONSE OF A STRAIN RATE 

SENSITIVE HIGH-MANGANESE AUSTENITIC STEEL  

2.1 Introduction 

Austenitic high-manganese (Mn) steels, a class of high strength steels, have received 

considerable attention since they offer a rare combination of exceptional work hardening 

capacity, high wear and abrasion resistance, high strength and significant ductility [1-3]. 

These extraordinary mechanical properties have been subject to several studies [3-9], many of 

which revealed that the main mechanism underlying the observed mechanical behavior is the 

presence of twins in the microstructure accompanied by additional microstructural features, 

such as stacking faults, dynamic strain aging (DSA) and interaction of twins with dislocations 

[6-9]. Simultaneous activity of all of the aforementioned micro-deformation mechanisms 

result in the improved strength and work hardening capacity of this class of steels, where all 

these mechanisms constitute obstacles against gliding dislocations [6-9]. However, the 

complexity of the deformation behavior of these materials makes it difficult to clearly 

distinguish between the relative contributions of the hardening mechanisms. 

A very good example to this complicated microstructure is that of Hadfield steel, a 

high-Mn austenitic steel with a face-centered cubic (fcc) structure at room temperature. 

Hadfield steel is well known for its deformation by both slip and twinning [6, 10], where the 

two mechanisms interact and further promote work hardening concomitant with increasing 

strain. To add further to the complexity of micro-deformation mechanisms, glide dislocations 

tend to form high-density dislocation walls (HDDWs), which effectively hinder active glide 

dislocations from moving further, contributing to the unusual strain hardening exhibited by 

this material [11, 12]. However, dislocations are prevented from gliding not by twin 
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boundaries or HDDWs only, but also by carbon (C), which can diffuse within the matrix 

throughout the deformation, as it becomes easily excited by the energy provided by the 

applied stresses [13].  

The excited C atoms diffuse within the matrix, however; when they meet dislocations at 

interstitial zones, they prevent dislocations from gliding further, which is referred to as 

pinning of the dislocation by the C atom [1, 13]. This, indeed, gives way to DSA [1, 13], 

which further adds to the complexity of the microstructure by promoting strain rate sensitivity 

(SRS) and negative strain rate sensitivity (NSRS) [13]. Specifically, as a steel is deformed at a 

faster rate, the rate of generation of forest dislocations increases, as well, leading to an 

increased level of stress at the same strain value, which is known as the SRS [13]. In Hadfield 

steel, however; the diffusion velocity of C also increases concomitant with strain rate. At 

lower strain rates, the C atoms stay longer at an interstitial site, potentially pinning a 

dislocation for a longer period, which is a positive contribution in terms of strain hardening. 

However, as the deformation rate increases, C atoms start to diffuse much faster, and they 

cannot pin dislocations for extended periods, which indeed takes away an important 

contribution to the overall hardening: the result is softening, and even though the strain rate 

increases, the material attains lower levels of stress at the same strains, which is known as the 

NSRS [13]. The NSRS, however; is eliminated at very high strain rates, such that the missing 

contribution to the overall hardening due to the pinning of dislocations becomes negligible as 

compared to the significant forest hardening, which constitutes the major mechanism of 

hardening at elevated rates of deformation [13]. 

Despite their complicated micro-deformation mechanisms, other high-Mn austenitic 

steels with similar microstructures, such as the twinning-induced plasticity (TWIP) steels, 

continue to attract attention and find use in applications, mainly owing to their superior 

mechanical properties [9, 14-16]. Automotive industry and other load bearing applications 



 

29 

 

utilize high-Mn steels at an increasing rate, and ballistic applications constitute another 

potential area that may utilize this class of steels. For all these applications, however; 

resistance to impact loading and understanding the deformation response under impact 

becomes of utmost importance [10]. Considering the design process of any commercial 

product, on the other hand, one realizes that the capability to realistically predict the impact 

response of these alloys by numerical modeling is warranted, which constitutes the motivation 

of the current work. 

The impact performance of a material is governed by its microstructure, and the 

corresponding parameters, such as grain boundaries, grain size, precipitates and 

delaminations, and the material’s ductile-to-brittle transition temperature (DBTT) altogether 

dictate the response to impact loading [17-20]. Another important parameter affecting the 

impact response is the texture of the material, which defines the grain boundary – dislocation 

interactions, and thus, the crack propagation behavior under impact loading, as well as the 

degree of anisotropy, which dictates the relative slip activity in each grain [17], warranting 

incorporation of anisotropy effects into the design process.  

The current study was undertaken with the motivation of addressing this issue, such that 

a combined experimental and numerical approach is proposed to predict the impact response 

of high-Mn austenitic steels in a realistic manner. For this purpose, uniaxial tensile 

deformation and impact responses of Hadfield steel were experimentally monitored, where 

the uniaxial deformation experiments featured four different strain rates ranging from 

moderate to high in order to also assess the role of NSRS exhibited by this material. Finite 

element (FE) simulations of the impact experiments were carried out, where the roles of 

texture, geometry and strain rate sensitivity were successfully taken into account all at once 

by incorporating the proper multi-axial material flow rule obtained from crystal plasticity 

simulations into the FE analysis. Specifically, crystal plasticity was utilized to obtain the 
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multi-axial flow rule at different strain rates based on the experimental deformation response 

under uniaxial tensile loading, and the equivalent stress – equivalent strain response was then 

incorporated into the FE model for the sake of a more representative hardening rule under 

impact loading. The current results demonstrate that reliable predictions can be obtained by 

proper coupling of crystal plasticity and FE analysis even if the experimental flow rule of the 

material is acquired under uniaxial loading and at moderate strain rates that are significantly 

slower than those attained during impact loading. Overall, the approach presented herein 

constitutes an important guideline for the design process of impact bearing applications 

utilizing high-Mn austenitic steels.  

2.2 Materials and Methods 

The material investigated in this study is Hadfield steel, an high-Mn austenitic steel 

with a fcc structure, and has a chemical composition of 12.44 wt% Mn, 1.10 wt% C and 

balance iron. Small-scale dog-bone shaped tension samples were extracted from railroad frogs 

taken from service with the aid of electro-discharge machining to avoid any process-induced 

residual stresses and strains on the samples. The room temperature (RT) monotonic tensile 

deformation experiments were carried out on a servo-hydraulic test frame equipped with a 

digital controller and a miniature extensometer of 3 mm gauge length. The results revealed a 

significant SRS prevalent in Hadfield steel polycrystals within the strain rate range of 1 × 10
-4

 

1/s to 1 × 10
-1

 1/s (Figure 2.2.1). A serrated flow was exhibited by the material at all strain 

rates, however; the associated instability was much more prominent at 1 × 10
-3

 1/s, where 

NSRS was prevalent as evidenced by the lower stress levels attained despite the ten-fold 

increase in the strain rate from 1 × 10
-4

 1/s to 1 × 10
-3

 1/s. 
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Figure 2.2.1. RT uniaxial tensile deformation response of Hadfield steel obtained at different 

strain rates, demonstrating the NSRS. Data was recompiled from [13]. 

 

The impact samples were extracted from both the same Hadfield railroad frog with 

dimensions of 2.8 mm × 25 mm × 4 mm, featuring a 60˚ notch with a radius of 0.1 mm and a 

depth of 1 mm [17]. The specimens were mechanically polished down to a 4000 grit size in 

order to minimize the detrimental effects of machined surfaces on the impact response. The 

impact experiments were conducted at RT, and the specimens were subjected to deformation 

with an impact energy of 50 J and at a velocity of 3.8 m/s, where 8000 data points were 

collected during each experiment with a data acquisition frequency of 2 MHz. For both 

uniaxial deformation and impact experiments, three companion samples were tested in each 

case in order to ensure repeatability. The initial textures of the samples prior to deformation 

were determined by X-ray diffraction. 
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2.3 Results and Discussion 

2.3.1 Finite Element Simulations of Experimental Impact Response of Hadfield Steel  

It is well known that very large deformations taking place within very short time periods 

constitute the major difficulty of FE simulations of impact loading [17, 21, 22]. Specifically, 

the available time period is insufficient for the stabilization of the computed displacements in 

the case of impact loading, such that the material’s behavior significantly deviates under this 

dynamic type of loading from that under normal conditions owing to the nonlinear behavior 

under dynamic loading [17]. The current FE simulations of the impact behavior were carried 

out utilizing the ANSYS
®
 15 commercial software and the FE analysis was based on an 

explicit dynamics system, where the LS-DYNA
®
 solver was employed in computations for 

the sake of a reliable nonlinear dynamic analysis.  

The Lagrangian formulation and multilinear isotropic hardening were chosen to 

represent the nonlinearity and the plastic flow, respectively. A fine “MultiZone” mesh was 

constructed with 13530 nodes and 11060 quadrilateral elements, where the geometry was 

automatically decomposed into a hex mesh, increasing both the accuracy and computational 

efficiency of the simulations. The notch region was meshed with an element size of 0.1 mm, 

and the mesh had an orthogonal quality of 0.98 (out of 1.0). All contact regions of the impact 

sample were assumed to be frictional, and the corresponding static and dynamic friction 

coefficients were set to 0.2 and 0.09, respectively [17]. As for the boundary conditions, a 

nodal displacement was imposed on the top notch surface and fixed supports were placed at 

the right/left sides and on the bottom surface. Beyond the fracture point of the specimens, i.e. 

where the sample – hammer contact terminates, the equivalent plastic strain (EPS) criterion 

was utilized to define failure of the material, namely an EPS of 0.68 was preset as the failure 
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initiation point. The Cartesian coordinate system was considered while designating the 

dimensions and constraints. 

The first set of simulations made use of the experimental RT uniaxial tensile 

deformation response of Hadfield steel obtained at a strain rate of 1 × 10
-4

 1/s to define the 

multilinear isotropic hardening rule (Figure 2.3.1.1). This strain rate is rather a moderate 

strain rate typically utilized in laboratory experiments employed to characterize the material’s 

deformation response [17]. It is evident that the corresponding simulation result significantly 

differs from the experimentally measured impact behavior, indicating that the flow rule of the 

material should be based on experiments featuring much higher strain rates as the impact 

deformation itself takes place very rapidly. Thus, in order to assess the role of strain rate, FE 

simulations considering higher rates of deformation, namely 1 × 10
-1

 1/s, 1 × 10
-2

 1/s and 1 × 

10
-3

 1/s, were carried out (Figure 2.3.1.2). As expected, a comparison of experimental and 

simulated impact responses (based on four different strain rates) expressed in terms of force-

time data (Figures 2.3.1.1 and 2.3.1.2) indicates the best predictions are made when the flow 

rule is based on the experimental deformation response obtained at the strain rate of 1 × 10
-3

 

1/s. A further look at the results presented in Figures 2.3.1.1 and 2.3.1.2 reveal a more 

interesting fact: the second best prediction is obtained when the flow rule is defined based on 

the uniaxial tensile deformation response obtained at a strain rate of 1 × 10
-4

 1/s. This implies 

that the experimental data obtained within the NSRS range should not be utilized to define the 

hardening rule when constructing a FE model to predict impact response, regardless of the 

strain rate. 
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Figure 2.3.1.1. The RT experimental impact response of Hadfield steel and the corresponding 

FE simulation result, where the flow rule was defined based on the experimental uniaxial 

tensile deformation response obtained at a strain rate of 1 × 10
-4

 1/s. 
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Figure 2.3.1.2. A comparison of the RT experimental impact response of Hadfield steel and 

the corresponding FE simulation results, where the flow rule was defined based on the 

experimental uniaxial tensile deformation responses obtained at strain rates of 1 × 10
-1

 1/s, 1 × 

10
-2

 1/s and 1 × 10
-3

 1/s. 
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Overall, all of the FE simulation results presented in Figures 2.3.1.1 and 2.3.1.2 

exhibited noticeable deviation from the experimental impact response, implying that the 

provided hardening response based on the experimental uniaxial tensile deformation data was 

not sufficiently representative of the material’s mechanical behavior under impact loading at 

any of the considered strain rates. Further simulations featuring a finer mesh were also carried 

out in order to question the numerical procedure, however; the same deviation from the 

experimental results persisted. 

It has recently been demonstrated that a multiaxial stress-strain state is present in the 

critical region of the sample [17], and a comparison of normal and von Mises stress 

distributions reveals that employment of the uniaxial tensile deformation data as the input 

defining the material’s flow rule under impact loading is not appropriate (Figure 2.3.1.3). 

Even though this approach might be appropriate for an isotropic material, it falls far from 

being realistic for a textured material exhibiting a significant degree of anisotropy [17]. The 

numerical analyses carried out until this point (Figures 2.3.1.1-2.3.1.3) clearly demonstrate 

the need for a proper representation of microstructure under impact loading, in addition to the 

strain rate effects.   
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Figure 2.3.1.3. A material-independent FE simulation of impact loading demonstrating the 

typical distribution of normal and equivalent stress-strain fields (above the arrow), and the 

corresponding division of sample geometry based on stress intensities within the sample [17]. 

 

2.3.2 Incorporation of the Role of Microstructure into the Finite Element Simulations 

through Crystal Plasticity 

 

In order to utilize a proper flow rule to define hardening of Hadfield steel during impact, 

and account for the role of texture and the corresponding anisotropy – in addition to the strain 

rate effects – in the current FE simulations, a crystal plasticity approach was adopted. 

Specifically, based on the aforementioned analysis of stress-strain distributions upon impact 

loading (Figure 2.3.1.3), a flow rule based on equivalent stress-strain response was defined. In 
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order to do so, a visco-plastic self-consistent (VPSC) algorithm was utilized to predict the von 

Mises stress-strain behavior of the material based on the experimental uniaxial tensile 

deformation data. Even though an alternative way of establishing the equivalent stress-strain 

response would have been carrying out multiaxial deformation experiments, the current 

methodology is much more efficient due to the impractical multiaxial experiments, especially 

in the case of high strain rates.  

A successful crystal plasticity model should both predict the macroscopic deformation 

response and capture the deformation characteristics at the slip system level [23], such that the 

deformation response could be predicted under any type of loading [24]. With this motivation, 

the deformation of Hadfield steel was modeled at the microscopic level for each strain rate 

considered herein based on the corresponding experimentally obtained uniaxial deformation 

response (Figures 2.3.2.1-2.3.2.4). The VPSC model utilizes the initial texture of the material 

as an input, such that the loads on each grain, and thereby the slip activities in each grain, are 

dictated by the texture of the material [25-27]. Thereafter, the same micro level model 

established for each strain rate was utilized to predict the corresponding equivalent stress-

strain response (Figure 2.3.2.1-2.3.2.4), which can be utilized as a proper flow rule for the 

impact simulations, as discussed before. 



 

39 

 

 

Figure 2.3.2.1. Top: VPSC simulation of the RT experimental uniaxial tensile deformation of 

Hadfield steel at a strain rate of 1 × 10
-1

 1/s, and the corresponding initial texture along the 

loading direction (representative of the texture of all companion samples). Bottom: the 

corresponding predicted equivalent stress-strain response for each zone within the impact 

sample based on the distribution of stress concentration (Figure 2.3.1.3). 



 

40 

 

 

Figure 2.3.2.2. Top: VPSC simulation of the RT experimental uniaxial tensile deformation of 

Hadfield steel at a strain rate of 1 × 10
-2

 1/s. Bottom: the corresponding predicted equivalent 

stress-strain response for each zone within the impact sample based on the distribution of 

stress concentration (Figure 2.3.1.3). 
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Figure 2.3.2.3. Top: VPSC simulation of the RT experimental uniaxial tensile deformation of 

Hadfield steel at a strain rate of 1 × 10
-3

 1/s. Bottom: the corresponding predicted equivalent 

stress-strain response for each zone within the impact sample based on the distribution of 

stress concentration (Figure 2.3.1.3). 
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Figure 2.3.2.4. Top: VPSC simulation of the RT experimental uniaxial tensile deformation of 

Hadfield steel at a strain rate of 1 × 10
-4

 1/s. Bottom: the corresponding predicted equivalent 

stress-strain response for each zone within the impact sample based on the distribution of 

stress concentration (Figure 2.3.1.3). 
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The VPSC algorithm employed in the current study considers plastic deformation only, 

which takes place when one or more slip or twinning systems become active. For a slip 

system s , the corresponding resolved shear stress ( s

RSS ) facilitating plastic deformation can 

be described in vector form based on the Schmid ( s

im ) and the applied stress ( i ) tensors:   

i

s

i

s

RSS m             (1) 

The nonlinear shear strain rate in the system s can be described as a function of s

RSS : 
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where 0  is a reference rate, s

0  is the threshold stress corresponding to this reference 

rate, and n is the inverse of the rate sensitivity index. When the contributions of all active 

systems in a single grain are superposed and pseudolinearized [25]: 
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where (sec)c

ijM  is the secant visco-plastic compliance of the crystal which gives the 

instantaneous relation between stress and strain rate. At the polycrystal level, this relationship 

assumes the following form [25]: 

  0(sec) ~
 

jiji ME          (4) 

where iE  and   represent the polycrystal strain rate and applied stress, respectively. 

 In a continuum comprising a matrix and inclusions, the deviations in strain rate and 

stress of the inclusions from those of the matrix can be defined as: 

kkk E  ~           (5) 

jjj ~           (6) 
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where k  and j  stand for the local (grain level) strain rate and stress. When the 

Eshelby inclusion formulation is employed to solve the stress equilibrium, one can obtain 

[26]: 

 ~:
~~
M           (7) 

The interaction tensor M
~

 is defined as 

𝑀̃ = 𝑛′(𝐼 − 𝑆)−1: 𝑆: 𝑀(sec)        (8) 

where (sec)M  is the secant compliance tensor for the polycrystal aggregate and S  is the 

visco-plastic Eshelby tensor [26]. In Equation 8, an effective value of n '=1 was used, which 

ensures a rigid interaction [25]. 

Substitution of equations 3 and 4 into Equation 7 yields the macroscopic secant 

compliance, (sec)M , and the macroscopic strain rate is evaluated by taking the weighted 

average of crystal strain rates over all the grains as in Equation 9: 

   MMMMMM cc ~
:

~
: (sec)1(sec)(sec)(sec) 



     (9) 

Iterative solution of the Equations 3, 7 and 9 gives the stress in each grain, the crystal’s 

compliance tensor, and the polycrystal compliance consistent with the applied strain rate iE . 

In this work, the term n in Equation 2 was chosen as 20, which makes the formulation rate 

insensitive [25]. This sounds contradictory to the overall aim of incorporating the NSRS of 

Hadield steel into the simulations, however; it should be noted that the uniaxial deformation 

response at each strain rate was modeled separately rather than utilizing a single micro-

deformation model accounting for the SRS. Therefore, the term n in Equation 2 was assigned 

a value to ensure rate insensitivity within the same simulation, or in other words, for each 

case. One reason for this is that, to the best of the authors’ knowledge, a crystal plasticity 

model capable of predicting the NSRS exhibited by Hadfield steel has not been forwarded yet. 

Furthermore, the incorporation of NSRS requires coupling of crystal plasticity with atomistic 
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simulations to properly account for the diffusivity of C and the corresponding consequences, 

which is beyond the scope of the current work. 

The rate of overall dislocation density can be expressed as: 

  
n

nkk  
21         (10) 

where k1 and k2 are geometric constants that define the athermal (statistical) storage of 

the moving dislocations [26]. The flow stress 



  is defined in the traditional Taylor hardening 

format as: 

 b 0
         (11) 

where 



  is the dislocation interaction parameter and 0  is a reference strength, which is 

related to deformation at the grain level. The reference strength value for Hadfield steel was 

determined as 132 MPa in previous work [12], where the 0.2% offset yield strength value is 

normalized by the Taylor factor. The Taylor factor for the current materials was determined 

based on the experimentally measured texture [24], and it is about 3.11, which represents a 

slightly textured material as compared to the fully random texture case that has a Taylor factor 

of 3.06. From Equation 11, with 0  constant, the rate of the flow stress is obtained by taking 

the time derivative as, 


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2


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b
           (12) 

Substituting Equation 10 into Equation 12 results in: 
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From Equation 11, the following identity is obtained for the square root of the density 

of dislocations: 

b


 0
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Once Equation 14 is substituted into Equation 13, the rate of flow stress evolution is 

given by: 
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One should note that the term 
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 in Equation 15 is the linear Voce 

hardening term (Equation 17). Having noted this, Equation 15 can also be expressed as [26]: 
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where 0  is the constant strain hardening rate, and s  represents the saturation stress 

in the absence of geometric effects, or the threshold stress. The hardening is defined by an 

extended Voce law [26], which is characterized by the evolution of the threshold stress (
s ) 

with accumulated shear strain ( ) in each grain of the form 
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      (17) 

where 0  is the reference strength, and 
1 , 0  and 

1  are the parameters that define 

the hardening behavior [26]. The hardening law defined by Equation 17 characterizes the 

onset of plasticity and the saturation of threshold stress at larger strains.  

The current VPSC model described by Equations 1-17 was employed to solve for the 

stresses corresponding to the given strains throughout the deformation. The experimentally 

determined initial texture of Hadfield steel (inset of Figure 2.3.2.1) was utilized as input, and 

the macroscopic deformation responses were predicted as presented in Figures 2.3.2.1-2.3.2.4 

for all the strain rates considered in this work. The corresponding Voce hardening parameters 

for each strain rate are provided in Table 2.3.2.1. 

Table 2.3.2.1. Voce hardening parameters utilized in the current VPSC simulations. 
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Strain rate (1/s) 0  [MPa] 
1  [MPa] 0  [MPa] 

1  [MPa] 

1 × 10
-1

 132 925 53 × 10
4
 350 

1 × 10
-2

 132 147 43 × 10
3
 408 

1 × 10
-3

 132 1580 60 × 10
4
 390 

1 × 10
-4

 132 918 55 × 10
4
 398 

 

 

In order to define a proper hardening rule for the FE simulations of the impact 

deformation, the current VPSC model was employed to predict the equivalent stress-strain 

response of Hadfield steel based on the uniaxial deformation responses at all four strain rates 

considered herein (Figures 2.3.2.1-2.3.2.4). Specifically, the successful prediction of the 

experimental data (Figures 2.3.2.1-2.3.2.4) is a strong indication that the materials’ 

deformation was successfully modeled at the micro-deformation level, and therefore, the same 

VPSC model was utilized to predict the equivalent stress-strain response for each strain rate 

utilizing the same hardening parameters for each strain rate. Since the material-independent 

consideration of the stress-strain distribution under impact loading (Figure 2.3.1.3) had also 

demonstrated that the distribution of stresses and strains throughout the sample is 

heterogeneous, the FE mesh for each sample was divided into three different zones with three 

different flow rules (Figure 2.3.1.3), such that a more homogeneous stress-strain distribution 

can be obtained within each zone upon impact loading. Therefore, the VPSC model was 

utilized to predict the corresponding equivalent stress-strain state response for each zone at all 

four strain rates (Figures 2.3.2.1-2.3.2.4). Specifically, the same hardening parameters as in 

the VPSC model predicting the experimental uniaxial deformation response were employed in 

all three simulations for each strain rate. The corresponding deformation of the polycrystalline 

aggregate within each zone was defined to the VPSC algorithm through velocity gradient 
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tensors, which were determined based on the material-independent strain distributions under 

impact loading (Figure 2.3.1.3). The corresponding velocity gradient tensors for each zone 

were computed as:           

𝑈̇1 = [
4.2 1.0 0
1.0 −2.1 0
0 0 −2.1

], 

𝑈̇2 = [
3.0 1.0 0
1.0 −1.5 0
0 0 −1.5

] and 

𝑈̇3 = [
0.3 1 0
1 −0.15 0
0 0 −0.15

]  

for zones 1, 2 and 3, respectively [17]. 

The corresponding VPSC simulation results demonstrating the equivalent for each zone 

are presented in Figures 2.3.2.1, 2.3.2.2, 2.3.2.3 and 2.3.2.4 for the strain rates of 1 × 10
-1

 1/s, 

1 × 10
-2

 1/s, , 1 × 10
-3

 1/s and 1 × 10
-4

 1/s, respectively. It should be noted that the strength 

levels attained by the equivalent deformation curves for each strain rate follows the same 

trend as that of the experimental uniaxial curves. This is not surprising since both the plastic 

deformation and the hindering of dislocations by diffusing C atoms are considered at the slip 

system level, where the latter leads to NSRS in Hadfield steel. Moreover, for each strain rate, 

higher stresses were obtained for zone 1 as compared to zones 2 and 3, and zone 3 exhibited 

the lowest stress levels (Figures 2.3.2.1-2.3.2.4), which stands in good agreement with the 

stress intensities demonstrated in Figure 2.3.1.3, where the stresses decrease as one moves 

from zone 1 that contains the notch towards zone 3 with the least stress concentration factors. 

The results of the FE simulations incorporating the roles of microstructure and NSRS 

texture through crystal plasticity are presented in Figure 2.3.2.5. Even though the predictions 

are much better for all strain rates as compared to those of the initial FE simulations that 

defined hardening based on the experimental uniaxial deformation response only (Figures 
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2.3.1.1 and 2.3.1.2), there is an important difference between the two cases in terms of strain 

rate dependence. Specifically, the results of the initial simulations revealed that the best 

predictions were obtained by defining the flow rule for Hadfield steel based on the uniaxial 

deformation response recorded at the highest strain rate (1 × 10
-1

 1/s in the current work), in 

addition to the fact that the worst predictions were based on the flow rules defined within the 

NSRS range. Upon incorporation of microstructure into the FE model through crystal 

plasticity, however; it was evident that the best prediction was obtained by defining the flow 

rule based on the VPSC predictions of the equivalent stress-strain response at 1 × 10
-2

 1/s 

(Figure 2.3.2.5), which is the second highest strain rate and within the NSRS range (Figure 

2.2.1). This contradictory result clearly demonstrates that reliable predictions can be obtained 

by proper coupling of crystal plasticity and FE analysis even if the experimental flow rule of 

the material is acquired under uniaxial loading and at strain rates that fall within the NSRS 

range. This is especially important in terms of utilizing standard laboratory experiments to 

characterize a material’s fundamental properties, which are simple and may be restricted to 

strain rates within the NSRS owing to practical limitations, while predicting its deformation 

response under complicated loading scenarios, such as impact loading. 
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Figure 2.3.2.5. Comparison of the experimental impact response and results of the FE 

simulations incorporating equivalent stress-strain responses predicted by crystal plasticity for 

all strain rates considered. 

 

2.4 Conclusions 

The room temperature impact response Hadfield steel was studied with the aid of a 

multi-scale modeling approach coupling crystal plasticity and finite element (FE) analysis. 

The roles of texture, geometry and strain rate sensitivity were successfully taken into account 

all at once, where crystal plasticity was utilized to obtain the multi-axial flow rule at different 

strain rates based on the experimental deformation response under uniaxial tensile loading. 

The FE simulation results demonstrated that the utility of equivalent stress – equivalent strain 

response for defining the hardening rule under impact loading resulted in improved 

predictions. Interestingly, the simulation results indicated that a multiaxial definition of the 

material flow rule is the major parameter dictating the success of the predictions of impact 

loading deformation even in the presence of negative strain rate sensitivity, as in the case of 

Hadfield steel. Finally, the current set of results also demonstrated that reliable predictions 

can be obtained by proper coupling of crystal plasticity and FE analysis even if the 
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experimental flow rule of the material is acquired under uniaxial loading and at moderate 

strain rates that are significantly slower than those attained during impact loading. This 

observation opens the venue for utilizing more practical and simpler laboratory experiments 

to characterize a material’s fundamental properties while predicting its deformation response 

under complicated loading scenarios, such as impact loading.  

2.5 References 

[1]    W.S. Owen, M. Grujicic, Strain aging of austenitic Hadfield manganese steel, Acta 

Mater. 47 (1998) 111–126. doi:10.1016/S1359-6454(98)00347-4. 

[2]      O. Bouaziz, S. Allain, C.P. Scott, P. Cugy, D. Barbier, High manganese austenitic 

twinning induced plasticity steels: A review of the microstructure properties 

relationships, Curr. Opin. Solid State Mater. Sci. 15 (2011) 141–168. 

doi:10.1016/j.cossms.2011.04.002. 

[3]      E. Bayraktar, F. a. Khalid, C. Levaillant, Deformation and fracture behaviour of high 

manganese austenitic steel, J. Mater. Process. Technol. 147 (2004) 145–154. 

doi:10.1016/j.jmatprotec.2003.10.007.  

[4]     T. Niendorf, F. Rubitschek, H.J. Maier, J. Niendorf, H. a. Richard, a. Frehn, Fatigue 

crack growth-Microstructure relationships in a high-manganese austenitic TWIP steel, 

Mater. Sci. Eng. A. 527 (2010) 2412–2417. doi:10.1016/j.msea.2009.12.012. 

[5]      T. Niendorf, C. Lotze, D. Canadinc, a. Frehn, H.J. Maier, The role of monotonic pre-

deformation on the fatigue performance of a high-manganese austenitic TWIP steel, 

Mater. Sci. Eng. A. 499 (2009) 518–524. doi:10.1016/j.msea.2008.09.033. 

[6]      I. Karaman, H. Sehitoglu, K. Gall, Y.I. Chumlyakov, H.J. Maier, Deformation of single 

crystal hadfield steel by twinning and slip, Acta Mater. 48 (2000) 1345–1359. 

doi:10.1016/S1359-6454(99)00383-3. 

[7]      I. Karaman, H. Sehitoglu, Y.I. Chumlyakov, H.J. Maier, I. V. Kireeva, Extrinsic 

stacking faults and twinning in Hadfield manganese steel single crystals, Scr. Mater. 44 

(2001) 337–343. doi:10.1016/S1359-6462(00)00600-X. 

[8]      R. Ueji, N. Tsuchida, D. Terada, N. Tsuji, Y. Tanaka, a. Takemura, et al., Tensile 

properties and twinning behavior of high manganese austenitic steel with fine-grained 

structure, Scr. Mater. 59 (2008) 963–966. doi:10.1016/j.scriptamat.2008.06.050. 

[9]      B. Hutchinson, N. Ridley, On dislocation accumulation and work hardening in 

Hadfield steel, Scr. Mater. 55 (2006) 299–302. doi:10.1016/j.scriptamat.2006.05.002. 



 

52 

 

[10]    S.M. Toker, D. Canadinc, a. Taube, G. Gerstein, H.J. Maier, On the role of slip-twin 

interactions on the impact behavior of high-manganese austenitic steels, Mater. Sci. 

Eng. A. 593 (2014) 120–126. doi:10.1016/j.msea.2013.11.033. 

[11]    D. Canadinc, H. Sehitoglu, H.J. Maier, Y.I. Chumlyakov, Strain hardening behavior of 

aluminum alloyed Hadfield steel single crystals, Acta Mater. 53 (2005) 1831–1842. 

doi:10.1016/j.actamat.2004.12.033. 

[12]    D. Canadinc, H. Sehitoglu, H.J. Maier, The role of dense dislocation walls on the 

deformation response of aluminum alloyed hadfield steel polycrystals, Mater. Sci. Eng. 

A. 454-455 (2007) 662–666. doi:10.1016/j.msea.2006.11.122. [13] D. Canadinc, C. 

Efstathiou, H. Sehitoglu, Scripta Mater. 59 (2008) 1103-1106. 

[14]    Y.H. Wen, H.B. Peng, H.T. Si, R.L. Xiong, D. Raabe, A novel high manganese 

austenitic steel with higher work hardening capacity and much lower impact 

deformation than Hadfield manganese steel, Mater. Des. 55 (2014) 798–804. 

doi:10.1016/j.matdes.2013.09.057. [15] S. Xu, D. Ruan, J.H. Beynon, Y. Rong, Mater. 

Sci. Eng. A 573 (2013) 132-140. 

[16]    J.S. Jeong, W. Woo, K.H. Oh, S.K. Kwon, Y.M. Koo, In situ neutron diffraction study 

of the microstructure and tensile deformation behavior in Al-added high manganese 

austenitic steels, Acta Mater. 60 (2012) 2290–2299. 

doi:10.1016/j.actamat.2011.12.043. 

[17]    O. Onal, B. Bal, S.M. Toker, M. Mirzajanzadeh, D. Canadinc, H.J. Maier, 

Microstructure-based modeling of the impact response of a biomedical niobium–

zirconium alloy, J. Mater. Res. 29 (2014) 1123–1134. doi:10.1557/jmr.2014.105. 

[18]    Jr. J. W. Morris., Stronger, Tougher Steels, Sci. 320. (2008) 1022–1023. 

[19]    R. Song, D. Ponge, D. Raabe, Mechanical properties of an ultrafine grained C-Mn steel 

processed by warm deformation and annealing, Acta Mater. 53 (2005) 4881–4892. 

doi:10.1016/j.actamat.2005.07.009. [20] Y. Kimura, T. Inoue, F. Yin, K. Tsuzaki, 

Science 320 (2008) 1057-1060. 

[21]    K. Kormi, D.C. Webb, W. Johnson, The application of the FEM to determine the 

response of a pretorsioned pipe cluster to static or dynamic axial impact loading, 

Comput. Struct. 62 (1997) 353–368. [22] S.L. Raykhere, P. Kumar, R.K. Singh, V. 

Parameswaran, Mater. Des. 31 (2010) 2102-2109. 

[22]    S.L. Raykhere, P. Kumar, R.K. Singh, V. Parameswaran, Dynamic shear strength of 

adhesive joints made of metallic and composite adherents, Mater. Des. 31 (2010) 

2102–2109. doi:10.1016/j.matdes.2009.10.043. 

[23]    D. Canadinc, E. Biyikli, T. Niendorf, H.J. Maier, Experimental and numerical 

investigation of the role of grain boundary misorientation angle on the dislocation-grain 

boundary interactions, Adv. Eng. Mater. 13 (2011) 281–287. 

doi:10.1002/adem.201000229. 



 

53 

 

[24]    D. Canadinc, H. Sehitoglu, H.J. Maier, P. Kurath, On the incorporation of length scales 

associated with pearlitic and bainitic microstructures into a visco-plastic self-consistent 

model, Mater. Sci. Eng. A. 485 (2008) 258–271. doi:10.1016/j.msea.2007.08.049. 

[25]    R. A. Lebensohn, C.N. Tomé, A self-consistent anisotropic approach for the simulation 

of plastic deformation and texture development of polycrystals: Application to 

zirconium alloys, Acta Metall. Mater. 41 (1993) 2611–2624. doi:10.1016/0956-

7151(93)90130-K. 

[26]    U.F. Kocks, C.N. Tome, H.R. Wenk, Texture and Anisotropy, 2nd ed., Cambridge 

University Press, 2000. 

[27]    E. Biyikli, D. Canadinc, H.J. Maier, T. Niendorf, S. Top, Three-dimensional modeling 

of the grain boundary misorientation angle distribution based on two-dimensional 

experimental texture measurements, Mater. Sci. Eng. A. 527 (2010) 5604–5612. 

doi:10.1016/j.msea.2010.05.037. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

54 

 

3 CHAPTER 5 FINAL REMARKS AND FUTURE WORK 

Owing to their high strain hardening capacity, high manganese austenitic steels 

(HMnAS) investigated in this work are mainly used in military applications, as well as ultra-

light and energy efficient constructions and vehicles. These steels have attracted attention 

especially within the last decade for steel and automotive industries, because they form an 

alternative to light-weighted alloys. Despite the increasing attention and research, the reasons 

for high strength and ductility of these materials remained unclear.  

The motivation of the study presented herein was to improve the understanding the roles 

of micro-deformation mechanisms on the deformation response of HMnAS single and 

polycrystals deformed under tensile and impact loadings. In the first chapter the individual 

effects of twinning mechanism and twin-slip interactions on deformation response of high 

manganese twinning induced plasticity (TWIP) steels were uncovered. Calculations for 

distinct twin fractions of different scaled twins and critical resolved shear stress of twinning 

are left as future work since there is no valid adequate experimental equipment to obtain 

reliable data for comparison. In the second part, strain rate sensitivity effect of high 

manganese Hadfield steel is studied utilizing a multi-scale approach combining finite element 

(FE) analysis and visco-plastic self-consistent (VPSC) modeling to predict the deformation 

response under impact loading. Utilizing the numerical approach coupling FE and VPSC for 

complicated loading scenarios of different materials is left as future.     

Overall, the current findings on the physics of HMnAS constitute a step forward in 

understanding the complicated microstructure, and open a new venue for improving the 

manufacturing quality and performance of new generation advanced steel grades. Moreover, 

introduced combined experimental and numerical methodology leads to more practical and 
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simpler laboratory experiments to characterize a material’s fundamental properties while 

predicting its deformation response under complicated loading scenarios.  


