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Abstract 
   Elasto-plastic deformations in the microstructures of pearlite are studied by finite 
element analyses.  A variety of models for the lamellar structure are made and material 
properties of cementite and ferrite are established.  Deformation of a bare specimen of 
cementite is unstable immediately after the yield point, while cementite lamellae show 
some stability when they are layered with ferrite.  When higher values of yield stress and 
strain hardening are used for ferrite phase, cementite deforms well beyond the elastic 
range and distribution of plastic strain is not concentrated.  These results show that not 
only the layered structure but also improved mechanical property of fine lamellae of 
ferrite contribute largely to stable deformation in pearlite microstructure. 
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1. Introduction 
   Elasto-plastic deformation in the microstructure of pearlite phase in steels has been a 
point of interest especially due to the fact that strength and ductility coexist in the pearlitic 
steels.  In the microstructure, fine layers of ferrite and cementite are piled up repeatedly 
at intervals of sub-micrometer.  Under an external load, stress states in the ferrite and 
cementite were found to differ largely [1]; however the detailed aspects of plastic 
deformation in each phase remains unknown. 
   Mechanical properties of single phase specimens of ferrite or cementite with the size at 
an order of millimeters were investigated experimentally[2,3].  When the experiment 
was performed at room temperature, the plastic flow stress of pure-ferrite specimens was 
at the order of a few hundred MPa and the elongation was larger than 20%, while the 
elastic limit of specimens of single phase cementite was revealed to be approximately 3 
GPa and brittle fracture took place immediately after the elastic limit.   
   Deformation of cementite layers in the microstructure of pearlite has also been studied 
extensively[4–7] and it was shown that cementite lamellar do deform plastically in 
pearlite microstructure.  Therefore, one most crucial question is why the cementite can 
deform plastically in the microstructure [8].  Understandings of the mechanics and 
mechanism of plastic deformation in the pearlite microstructure will lead to the 
understandings of the reason for the coexistence of strength and ductility in the steels with 
pearlite phase. 
   Stability of elasto-plastic deformation of laminated structure was studied by Inoue et 
al. [9] and they showed that fracture stress and elongation increased with decrease of 
layer thickness, and recently, Serror and Inoue [10] studied the effect of hardening 
exponent and other parameters of the ductile component to the stability of laminated 
structure.  In this paper, we study the elasto-plastic deformation in the lamellar structure 
of pearlite from a viewpoint of computational solid mechanics.  A variety of finite 
element-models for the lamellar structure are made and material properties of each phase 
are established based on existing experimental data and on theoretical possibilities.  
Unidirectional tensile loading in the direction parallel to the ferrite-cementite interface is 
considered.  This condition mimics the mechanical state in high strength steel wires used 
in engineering applications.  Stable deformation of cementite layers is discussed from 
the viewpoints of multi-layering effect with ferrite layers and a possible change of 
mechanical properties of ferrite phase which should arise from the fact that plastic 
deformation is confined in a sub-micrometer sized space between cementite layers. 
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2. Numerical models for multi-layered structure of pearlite 
   We employ a classical theory of the elasto-plastic deformation of metals where the 
onset of plastic deformation is defined by the yield condition of von Mises, 
 

     
.  (1) 

 

  and  denote the yield stress of the material and the equivalent stress, 

respectively.  The ferrite phase hardens after the yield point in an isotropic manner, while 
the cementite phase is assumed to deform plastically without hardening; i.e. the plastic 
flow stress of cementite is a constant during plastic deformation.  We use a commercial 
software package of ANSYS [11] for the finite element analysis where the elasto-plastic 
deformation is analyzed by incremental procedure and under an assumption of associated 
flow rule.  The fact that the cementite phase does not harden during plastic deformation 
means that its plastic deformation can be highly unstable [12].  To follow this situation 
by the numerical analysis, we made a number of trial analyses and finally introduced a 
large number of loading steps where a typical increment of nominal strain during one 
analysis step is at the order of 10-9.  If we introduce larger strain increment, numerical 
analysis often ends in failure. 
   Fig. 1 shows a schematic illustration of a five-layered pearlite model.  The central 
layer is always cementite (denoted as Fe3C) in this study and layers of ferrite (denoted as 
α) and other cementite are stacked in y-direction.  Volume fractions of the cementite and 
ferrite layers are close to 0.5; however the value differs from model to model depending 
on the number of layers.  The mid part of the central layer of cementite is slightly 
thinned1 [13] to mimic possible geometrical non-uniformity in real structure of pearlite 
[14,15]. 
   Young’s modulus and yield stress of cementite are 181 GPa and 2.75 GPa, respectively 
[3].  Poisson’s ratio of cementite is assumed to be 0.3.  When this material is deformed 
by uniaxial tensile load, the elastic strain at the yield point is about 1.519%.  
Experimental results of stress-strain relationship of ferrite was given by Umemoto [2] in 
the following equation of Swift type [16], 
 

        (2) 

 
                                             
1 Shape of the interfaces between the central layer of Fe3C and α is given by a cosine function 

, where δ and L are 0.5% of the layer thickness and lateral length of the layer, 
respectively.  The thinnest part of the cementite layer is positioned at x=0 and the thickness is 98% of 
the original one. 
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where σ and ε (p) denote stress and plastic strain, respectively, while a, b and n are 
constants.  Young’s modulus and Poisson’s ratio of ferrite are assumed to be 200 GPa 
and 0.3, respectively.   
   Strengthening mechanism of ferrite lamellae has been discussed from the view points 
of simple rule of mixture for fiber structure, dispersion strengthening, boundary 
strengthening, solid solution hardening and dislocation forest hardening [17,18].  
Among various mechanisms involved, the boundary strengthening contributes largely.  
It is well known as the Hall-Petch relationship that mechanical response of metal 
polycrystals changes as a function of the mean diameter of crystal grains.  This means 
that mechanical response of materials depends on the representative length scale of the 
microstructure.  This scale effect is especially significant when the length scale is 
smaller than 1 μm.  Typical thickness of ferrite layer in pearlite is smaller than 100 nm 
and its plastic flow stress is anticipated to have a strong scale effect, as similar to the case 
in ultrafine-grained polycrystals [19] or micrometer sized specimen [20].  Experimental 
results [21] showed that yield stress of pearlite increased with decrease of the layer 
thickness of ferrite, and recent theoretical and numerical approach [22,23] showed that 
the critical resolved shear stress for slip deformation as well as the strain hardening ratio 
increased rapidly when the plastic slip deformation was confined in volumes of smaller 
length scale.  We introduce such kind of scale effect of mechanical response of ferrite 
layer a priori and introduce hypothetical curves of stress-strain relationship by using the 
Swift equation with a modification, 
 

, (3) 

 
where a constant c is introduced artificially to give a higher flow stress level in small 
length-scale specimen. 
   Table 1 shows material parameters and numerical constants for the modified Swift 
equation (3) used in this study.  Data for the material named ferrite-org are taken from 
experimental results by Umemoto [2] while data for materials named ferrite5, ferrite10 
and ferrite5n are defined by multiples of the parameters a and n for the ones for ferrite-org.  
Flow stress of the material named ferrite5n500 is 500 MPa higher than that of ferrite5n, 
while the strain hardening ratios for ferrite5n and ferrite5n500 are the same.  
Stress-strain curves of cementite and five ferrite materials are shown in Fig. 2.  Yield 
stress and strain hardening rate of the ferrite5 and ferrite10 are high compared to the one 
for the ferrite-org.  Yield stresses of the ferrite5n and ferrite5n500 are higher than that of 
ferrite-org, while their strain hardening rate is lower.   
   These hypothetical stress strain relations of ferrite layers in the pearlite lamellar 
structure is considered to be partially supported by experimental facts [18] that the 
dislocation density in ferrite layers monotonically increases from the initial value of 
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7.5x1013 m-2 to a value larger than 1x1016 m-2 after deformation up to tensile strain of 3.6.  
This implies that ferrite layers sandwiched by cementite layers have a significant ability 
of strain hardening.  Effects of this ability are examined by introductions of ferrite5 or 
ferrite10.  There is still another possibility that the flow stress level of ferrite is high due 
to a narrow space between cementite layers while strain hardening is kept low for some 
reason.  We study the mechanical response of such structures by introducing ferrite5n or 
ferrite5n500. 
   Numerical specimens of single layer (cementite only), and 3 through 9-layer models 
are constructed.  Only the mid layer of cementite is slightly thinned as described above.  
In the following sections of 3.1 and 3.2, condition of symmetricity is introduced and only 
1/4 of the specimen, that is the part , is analyzed to reduce the size of 
numerical data, while in the section 3.3, the entire specimen is analyzed to understand the 
deformation as a whole.  It will be shown in the section 3.3 that the deformation is 
approximately symmetric with respect to the x and y axes with some slight 
non-symmetric behaviors after the onset of shear banding.  These non-symmetric 
behaviors are considered to originate from the unstable nature of the deformation. 
   Analyses are performed with two-dimensional plane stress assumption with large 
deformation framework.  Specimens are divided into square or nearly square finite 
elements whose typical size is about 1/8 of the layer thickness.  Quadrilateral 8-node 
elements are used.  A uniform tensile displacement is given to the nodes on the lateral 
surfaces at x= +/- L/2.  Approximately uniaxial tensile deformation takes place at the 
initial stage of deformation, and then plastic deformation grows in the specimen. 
 
 
 

3. Results and discussion 
3.1 Deformation of bare cementite specimen and three-layered specimen of 
ferrite-org/cementite/ferrite-org 
   Figs. 3(a)-(c) show distributions of the normal plastic strain component in the loading 
direction observed in the single layered specimen when the nominal tensile strain are 
1.500, 1.504 and 1.508%, respectively.  Plastic deformation does not take place in the 
specimen when the nominal strain is 1.500% and shortly after this stage, some shear 
bands are formed at the central part of the specimen.  This result shows that the plastic 
deformation in single-layered cementite is nearly unstable and the development of shear 
bands is extremely rapid. 
   Fig. 4(a)-(d) show close-up views of the development of plastic shear bands at the 
central part of the three-layered ferrite-org/cementite/ferrite-org model.  Plastic 
deformation in the cementite layer starts when the nominal tensile strain is 1.5068% and 
develops toward the ferrite layer.  It is noted however, that the value of the plastic strain 
in the shear bands when the nominal tensile strain is 1.51% (Fig. 4(c)) is smaller than 
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0.5% and this is much smaller than that obtained in the single-layered cementite (Fig. 
3(c)).  That is, ferrite layers effectively suppress the unstable deformation of cementite.  
Fig. 5(a) and (b) compare distributions of normal plastic strain component in the tensile 
direction observed in the bare cementite and the three-layered models when the nominal 
tensile strain is 1.7%.  Plastic strain in the shear band regions in the model of bare 
cementite (Fig. 5(a)) is larger than that in the shear bands in three-layered model (Fig. 
5(b)) and the localized shear deformation in the three-layered specimen is transferred into 
the ferrite region.  Suppression of localized shear deformation by stacking of ferrite and 
other cementite layers is discussed in the section 3.3. 
 
 
3.2 Deformation of specimens with layers of cementite and hypothetical ferrite 
   Fig. 6(a)-(e) show distributions of normal plastic strain component in the tensile 
direction in five different specimens where cementite layer is sandwiched by ferrite-org, 
ferrite5n, ferrite5n500, ferrite5, or ferrite10.  These specimens are three layered and the 
nominal tensile strain is 1.55%.  Let us compare Figs. 6(a), (b) and (c) and refer to Fig. 2.  
In the specimen with ferrite5n or with ferrite5n500, shear bands are formed in the 
cementite layer even though the yield stresses of these ferrite layers are much higher than 
that of ferrite-org.  This suggests that ferrite layers with higher yield stress but lower 
strain hardening characteristics do not contribute to the suppression of shear banding of 
cementite layer; instead, distribution of plastic strain in the ferrite layer is localized more 
than that in the model with ferrite-org layer. 
   Aspects of plastic deformation in the cementite layer drastically change when the 
strain-hardening ratio and the yield stress of the ferrite layer increase as shown in Figs. 
6(d) and (e).  Plastic strain distributes more or less uniformly in the cementite layer.  
The maximum value of the plastic strain in the cementite layer is smaller than 0.2% and 
this is about 1/20 of the value observed in Fig. 6(a), (b) and (c).  This means that plastic 
deformation of cementite layer is effectively stabilized if the strain hardening ratio and 
yield stress of ferrite layers are sufficiently large. 
   Fig. 7 shows numerical results of nominal stress vs. nominal strain relations obtained 
for the bare cementite and five types of three-layered specimens.  Bare cementite 
specimen shows a sudden drop of nominal stress just after the yield point.  Before the 
sudden drop, the gradient of the stress-strain relation is approximately equal to the value 
of Young’s modulus of 181 GPa.  This again shows that the bare cementite specimen 
deformed in a purely elastic manner at first and then instable plastic deformation took 
place in a very short period of time. 
   Gradient of the stress-strain relationship of the three-layered 
ferrite-org/cementite/ferrite-org specimen is close to 95 GPa at first.  This value is much 
smaller than the Young’s modulus for cementite or ferrite-org, showing that plastic 
deformation took place at a very early stage of deformation.  When the nominal strain is 
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at about 1.51 %, the gradient of the stress-strain relationship turns out to be negative; 
however, the stress-strain curve shows some stability compared to the bare cementite 
specimen. 
   Deformation curve of the three-layered specimens with ferrite10 shows three stages of 
deformation.  First, the gradient of the deformation curve is slightly larger than 181 GPa, 
showing that both ferrite and cementite layers are in elastic state.  Plastic deformation 
starts in ferrite layers when the nominal strain is at about 0.5%.  After this onset of 
plastic deformation in ferrite layers, the gradient of the deformation curve becomes 
smaller.  This deformation state lasts until the nominal strain reaches at about 1.52%.  
After this point, the cementite layer starts to deform in elasto-plastic manner; however, 
the deformation is approximately uniform by the presence of ferrite layers as shown in 
Fig. 6(e) and stable deformation continues.  Deformation process in three-layered 
specimen with ferrite5 is similar to the one with ferrite10, even though the period of 
stable plastic deformation in the cementite layer does not last long.   
   In contrast to the case with ferrite10 or ferrite5, three-layered specimens with ferrite5n 
or ferrite5n500 show sharp drops of nominal stress after their peak.  This is due to the 
concentration of plastic deformation in the cementite layer when the strain-hardening 
ratio is low in the ferrite layers, which we observed in Fig. 6(b) or (c).  
   Results shown in Figs. 6 and 7 indicate as a whole that the strain hardening of ferrite 
layers contribute significantly to a stable plastic deformation of cementite layers and this 
effect is, in turn, assumed to originate from the presence of cementite layers: mutual 
constraint of deformation between soft and hard phases is playing a key role in the 
microstructure.  It should also be noted again that high strength layers of ferrite with low 
strain hardening ability is not effective.    
 
 
3.3 Stabilization of deformation by multi-layering 
   Pearlite colony [24] is basically composed of a number of parallel layers of ferrite and 
cementite.  Deformation behaviors in layered structures could differ depending on the 
number of layers.  In this section, we construct pearlite models that consist of 3, 5, 7, or 9 
layers and analyze their deformation. Also in these models, central layers are cementite.  
Thicknesses of the ferrite and cementite layers are the same, except that the central layer 
of cementite is slightly thinned as described in the section 2, and they are simply piled up 
alternately.  Specimens are subjected to tensile deformation in the horizontal direction by 
applying uniform tensile displacement on the both sides of the specimens.  Mechanical 
properties of ferrite and cementite layers are those of ferrite-org and cementite shown in 
Table 1.  
   Fig. 8 shows development of the equivalent strain in layered structures with 3, 5, 7, or 
9 layers, while in Fig. 9, distribution of equivalent plastic strain in the 7 layered specimen 
is shown when the nominal tensile strain is 1.527 %.  In the three-layered model, shear 
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bands already develop when the nominal tensile strain is 1.5193% and this result is 
consistent with that shown in Fig. 3.  In the five-layered model, shear bands develop 
when the nominal tensile strain increase from 1.525 to 1.527%; however we notice that 
plastically deformed region extends to wider area compared to the one in the 
three-layered model and the distribution of plastic strain in the ferrite layers is spreading 
widely, too.  In the 7 or 9-layered models, the initial plastic deformation in the cementite 
layer does not show the appearance of the shear band and after such initial stage, plastic 
deformation gradually localizes.  It is also noted that non-uniform deformation takes 
place not only in the first-nearest layers of the central cementite layer but also in the 
second- and third-nearest layers and beyond.  Equivalent plastic strains in the cementite 
and ferrite layers differ largely (Fig. 9), while the equivalent strains in both layers are 
approximately the same (Fig. 8).  This difference in plastic deformation in cementite and 
ferrite layers is compensated by elastic strain and this accompanies the difference in the 
stress state in both layers.  From the results shown in Figs. 8 and 9, we understand that 
the deformation of the central cementite layer shifts to be a stable one by the presence of 
adjacent layers of ferrite and cementite.   
   Distribution of stress in the layered microstructure has been discussed from 
experimental [1] and theoretical [25] approaches.  Fig. 10 shows distribution of 
equivalent stress in the 9-layered specimen.  The maximum and the minimum values of 
the equivalent stress in the cementite layers are 2.75 GPa and about 2.7 GPa, respectively, 
while the stress in the ferrite layers is about 155 MPa, meaning that the stress partitioning 
in the cementite and ferrite is significant.  During the initial stage of plastic deformation 
in the cementite layers, stress concentrates at around the plastically deformed area.  
After some plastic deformation in the cementite layer(s), area with the maximum value of 
the equivalent stress (=2.75 GPa) expands and the outmost layers of cementite bear the 
load more than the central layer. 
   Stabilization of plastic deformation by multiple layering shown in Figs. 8 and 9 looks 
to be a minor one compared to the effect by the change of mechanical response of ferrite 
layers, which we studied in the previous section.  However, if the effects of 
multi-layering of ferrite and cementite and the change of mechanical properties of ferrite 
layers by the scale effect, or in other words the boundary effect [17,18], is combined, 
results could be even more significant.  That is, it is considered that the localization of 
deformation is suppressed not only by a possibly higher yield stress and strain hardening 
in the ferrite layers, but also by multiple layering of ferrite and cementite. 
   In a fine lamellar microstructure of heavily drawn pearlite wire, a high concentration 
of carbon was observed in ferrite layers [26].  This increase in carbon concentration is 
assumed to change the yield stress and strain hardening behavior [18].  Generation of 
dislocations in the microstructure and their pileup and/or passage at ferrite/pearlite 
interfaces will also contribute largely to the mechanical response of the two phases [27].  
Therefore, combined effect of geometrical, mechanical and chemical factors is 
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considered to contribute to the strong and, at the same time, ductile behavior of fine 
lamellar microstructure of pearlite. 
   In this study, we assumed that the plastic deformation of cementite was governed by 
the von Mises condition and associated flow rule.  The plastic flow stress was set to be a 
constant, whereas the process of plastic deformation due to crystallographic slip [5,8] is 
another point of interest to be studied. 
 
 
4. Summary 
   Fine lamellar structures of pearlite that consist of ferrite and cementite layers were 
modeled numerically and their elasto-plastic deformation were analyzed by 
two-dimensional finite element scheme.  Results are summarized as follows. 
 
1. Plastic deformation of bare cementite specimen was highly unstable under uniaxial 

tensile load. 
2. Plastic deformation of cementite layer(s) was more or less stabilized by the presence 

of adjacent layers of ferrite and cementite, whereas a significant effect was observed 
when the yield stress and strain hardening rate of ferrite increased.   

3. There was a tendency that unstable plastic deformation was suppressed when the 
number of layers of ferrite and cementite increased.  This effect was assumed to 
originate from the fact that once a plastic deformation started in a small region of 
cementite, this induced alterations of stress state not only in the adjacent layers of 
ferrite but also in cementite and ferrite layers in far field, meaning that more than one 
cementite and ferrite layers bore larger external load. 

 
   Combined effect of the alteration of the mechanical properties of ferrite layers due to a 
scale effect and multiple layering could be a next point of discussion.  Also a quantitative 
discussion on the alteration of mechanical response of ferrite layers is needed.  
Comparison of data from different approaches on the microscopic mechanical response 
of ferrite and cementite layers is left for further contribution.   
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Table 1 Mechanical property of ferrite and cementite.  Parameters a, b and n are used for 
Swift’s equation and the parameter c is introduced in the modified Swift eq. (3).  Data for 
ferrite-org and cementite are taken from Umemoto [2] and Umemoto and Tsuchiya [3], 
while data for ferrite5, ferrite10, ferrite5n and ferrite5n500 are hypothetical ones. 
 
 
  Young’s  Poisson’s Yield stress a b n c 
  modulus ratio [MPa] [MPa]   [MPa] 

  [GPa]       
cementite 181 0.3 2750     
ferrite-org 200 0.3 86.5 493 0.002 0.28 0 

ferrite5 200 0.3 432.6 2465 0.002 0.28 0 
ferrite10 200 0.3 865.2 4930 0.002 0.28 0 
ferrite5n 200 0.3 348.1 493 0.002 0.056 0 

ferrite5n500 200 0.3 848.1 493 0.002 0.056 500 
 

 
 
 
 
Figure captions. 
 
 
Fig. 1 Schematic illustration of a 5-layered pearlite model.  Thickness at the mid part of 
the central layer of cementite is slightly thinned. 
 
Fig. 2 Stress vs. strain relationship employed in this study for the cementite and five types 
of ferrite phase.  
 

Fig. 3 Distributions of the plastic strain component ε
xx

(p) 
 in the bare cementite specimen 

when the nominal tensile strains are 1.500% (a), 1.504% (b) and 1.508% (c). 
 

Fig. 4 Development of the plastic strain component ε
xx

(p)
 at the central part of the layered 

specimen of ferrite-org/cementite/ferrite-org when the nominal tensile strains are (a) 
1.5068%, (b) 1.5084%, (c) 1.5100% and (d) 1.5116%. 
 

Fig. 5 Distribution of the normal plastic strain component ε
xx

(p)
 in bare cementite 
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specimen (a) and ferrite-org/cementite/ferrite-org layered specimen (b).  The nominal 
tensile strain is 1.7%. 
 

Fig. 6 Distributions of the plastic strain component ε
xx

(p)
 in five different specimen where 

the cementite layer is layered with (a) ferrite-org, (b) ferrite5n, (c) ferrite5n500, (d) 
ferrite5 and (e) ferrite10.  The nominal tensile strain is 1.55%.  Note that different color 
scales are used for (a), (b), (c) and (d), (e).    
 
Fig. 7 Load-elongation curves of bare cementite and three-layered specimens.  
 
Fig. 8 Distributions of the equivalent strain in 3, 5, 7 and 9 layered specimens.  The 
central layer is cementite and is slightly thinned as described in the section 2.  Layers of 
ferrite-org and cementite are stacked alternately.  Number of layers and the nominal 
tensile strain are denoted as N and , respectively. 
 
Fig. 9  Distribution of plastic equivalent strain in the 7-layered specimen of ferrite-org 
and cementite when the nominal tensile strain is 1.527%.  (a) and (b) are drawn from the 
same numerical result but displayed with different color scales to depict the distribution 
of plastic deformation in cementite and ferrite phases.  Plastic deformations in cementite 
and ferrite layers differ largely and a larger elastic deformation in cementite and a smaller 
one in ferrite layers compensate this difference. 
 
Fig. 10  Development of equivalent stress field in the 9-layered specimen.  (a) and (b) 
are drawn from the same analysis results but displayed with different color scales to 
depict the stress field in each layers.  Range of the equivalent stress in the cementite 
layers is approximately 2.7 to 2.75 GPa as shown in (a), while the value in ferrite layers is 
smaller than 157 MPa as shown in (b).    
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Fig. 1 Schematic illustration of a 5-layered pearlite model.  Thickness at the mid part of 
the central layer of cementite is slightly thinned. 
 
 

 
 
Fig. 2 Stress vs. strain relationship employed in this study for the cementite and five types 
of ferrite phase.  
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Fig. 3 Distributions of the plastic strain component ε
xx

(p)
 in the bare cementite specimen 

when the nominal tensile strains are 1.500% (a), 1.504% (b) and 1.508% (c). 
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Fig. 4 Development of the plastic strain component ε
xx

(p)
 at the central part of the layered 

specimen of ferrite-org/cementite/ferrite-org when the nominal tensile strains are (a) 
1.5068%, (b) 1.5084%, (c) 1.5100% and (d) 1.5116%. 
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Fig. 5 Distribution of the normal plastic strain component ε
xx

(p)
 in bare cementite 

specimen (a) and ferrite-org/cementite/ferrite-org layered specimen (b).  The nominal 
tensile strain is 1.7%. 
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Fig. 6 Distributions of the plastic strain component ε
xx

(p)
 in five different specimen where 

the cementite layer is layered with (a) ferrite-org, (b) ferrite5n, (c) ferrite5n500, (d) 
ferrite5 and (e) ferrite10.  The nominal tensile strain is 1.55%.  Note that different color 
scales are used for (a), (b), (c) and (d), (e).    
 
 
 



 19

 
 
 

 
 
Fig. 7 Load-elongation curves of bare cementite and three-layered specimens.  
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Fig. 8 Distributions of the equivalent strain in 3, 5, 7 and 9 layered specimens.  The 
central layer is cementite and is slightly thinned as described in the section 2.  Layers of 
ferrite-org and cementite are stacked alternately.  Number of layers and the nominal 
tensile strain are denoted as N and , respectively. 
 
 

ε
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Fig. 9  Distribution of plastic equivalent strain in the 7-layered specimen of ferrite-org 
and cementite when the nominal tensile strain is 1.527%.  (a) and (b) are drawn from the 
same numerical result but displayed with different color scales to depict the distribution 
of plastic deformation in cementite and ferrite phases.  Plastic deformations in cementite 
and ferrite layers differ largely and a larger elastic deformation in cementite and a smaller 
one in ferrite layers compensate this difference. 
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Fig. 10  Development of equivalent stress field in the 9-layered specimen.  (a) and (b) 
are drawn from the same analysis results but displayed with different color scales to 
depict the stress field in each layers.  Range of the equivalent stress in the cementite 
layers is approximately 2.7 to 2.75 GPa as shown in (a), while the value in ferrite layers is 
smaller than 157 MPa as shown in (b).  
 




