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Abstract 
Cracks are usually observed at the edge of materials deformed by accumula-
tive roll bonding from conventional materials to nanostructure materials. The 
observed cracks then propagate in the materials during grain refinement. The 
cracks propagation affects the yield stress and the effective fracture energy of 
nanocrystalline materials. In this study, the impacts of crack propagation 
when measured as a function of grain size variants on nanocrystalline mate-
rials’ yield stress are investigated for a material deformed by accumulative 
roll-bonding. The study employs experimental data and theoretical concepts 
of severe plastic deformation and cracks processes in nanocrystalline mate-
rials. The current studies also focus on nano-cracks that will not lead to rapid 
materials failure during grain refinement. The study revealed that crack pro- 
pagation varied as a function of grain size variants during grain refinement. 
The study also revealed that nano-crack increased during the deformation of 
nanostructured materials. The study also revealed that the effective fracture 
energy decreased as grain refinement took place. The study revealed that na-
nomaterials yield stress decreased with the increase in effective fracture ener-
gy. The current study suggests a theoretical model that shows the generation 
of nanomaterials cracks during grain refinement as a function of grain size 
variants. In the model, the cracks propagate on nanocrystalline materials due 
to the compressive load applied to a material. The model predicts that the 
generation of cracks as functions of grain size variants impacts the energy lev-
el in nanocrystalline materials. 
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1. Introduction 

Nanocrystalline (nc) materials exhibit high strength but with low tensile ductility 
and low fracture toughness that limits their applications [1]-[6]. The main rea-
sons why material properties are studied are to prevent material failure during 
usage [7]. A crack in a material is an indication that the produced material might 
eventually fail during usagesince cracks which have negative impacts on nc ma-
terials mechanical properties [7]. However, some cracks do not always lead to 
material failure and as such there are different classifications of cracks propaga-
tion [8]. 

The first category of crack propagation is that which the produced nanomate-
rials’ is subjected to high risk of failure during usage. The initiated cracks and 
subsequent cracks propagation occurred quite readily due to lacks of microstru- 
ctural barriers that could prevent the crack propagation [8]. This is mostly seen 
in glass and conventional materials [8]. Cracks that propagate slowly are nano- 
cracks because their initiation and subsequent propagation are prevented due to 
high curvature grain boundaries which normally prevent their propagation [9]. 
This is mostly found in nanocrystalline materials produced through the top 
down approach of manufacturing [9].  

Material crack propagation must be studied to prevent materials failure dur-
ing usage for materials that can fail. Nano-crack propagation must be studied to 
understand the impact of nano-cracks propagation on nc materials during grain 
refinement. There is therefore, no doubt that over the past years, several resear- 
chers have succeeded in studying crack propagation on nc materials during 
grain refinement. Most of their studies focused on cracks that led to materials 
failure [1]-[8]. Few researchers focused on nano-cracks that would not lead ma-
terials failures. In fact, most of their studies have shown how generated cracks 
affect the mechanical properties of nc materials during grain refinement. Few 
researchers focused on nano-cracks that did not lead materials immediate fail-
ures. In fact, most of their studies have shown how generated cracks affect the 
mechanical properties of nc materials during grain refinement; for example na-
nomaterials cracks have a negative impact on the strength and energy (i.e. on the 
load that the material can withstand) during grain refinement. 

Some researchers have proposed theoretical models to study crack propaga-
tion on nc materials. In some of their studies, the relationship between rotational 
deformation and grain size was studied [1]-[8]. It must be noted that those men-
tioned previous studies on nanomaterials crack propagation do not take into 
consideration the different ways in which grain size can be measured during 
grain refinement in nanomaterials, with the different ways of measuring grain 
size hereby called grain size variants of nc materials [1]-[11]. Nanocrystalline 
materials are generally known for their high surface-to-volume ratios of their 
grains that tend to affect their properties [10], with some investigation success 
having been achieved by microscopy analysis [11] [12]. 

The high surface-to-volume ratios of nanocrystalline materials’ grains greatly 
depend on the size function of nanomaterials’ grains during manufacturing [10]. 
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Most often the high surface-to-volume ratios have not been properly modeled 
theoretically since most, existing models that relating nanocrystalline materials 
properties and grain size have been derived while considering only the equiva-
lent radius. Thus, most theoretical modeled results cannot give proper correla-
tion with microscopy results since most theoretical models dealt only with the 
equivalent radius [9].  

The transmission electron microscopy (TEM) and most microscopy indicate 
that there are different approaches of measuring grain size (i.e. grain size va-
riants) which give different parameters which most developed models that dealt 
only with the equivalent radius ignored [11] [12]. A grain deformed by severe 
plastic deformation (SPD), specifically the accumulative roll-bonding (ARB) and 
equal channel angular pressing (ECAP), may be observed from three different 
directions [11] [12] which are the direction of applied load known as the normal 
direction (ND), transverse direction (TD) and the rolling direction (RD) or sli- 
ding direction (SD) as shown in Figures 1(a)-(c). 

The use of the equivalent radius only cannot give more information for example 
about the shape of a grain during grain refinement. Since different approaches of 
measuring grain size exist, the crack on nc materials propagates in different ways 
when measured as function of the material grain size variants. Thus the materials 
grain size variants experience different degree of cracks propagation during grain 
refinement. It is important to develop a theoretical model that shows the genera-
tion of nanomaterials crack as function of grain size variant. From the theoretical 
developed models other factors of nc materials stability and energy can be investi-
gated. From most revealed microscopic results, nano-cracks are normally observed 
without proper information of crack growth as a function of TD, ND and RD.  

Therefore, nano-cracks propagation has been previously analyzed without 
taking into consideration the different direction along which grain size can be 
measured given by the TD, ND and RD [11] [12]. It clear that, it is difficult to 
correlate theoretical results and experimental findings. It is also important to 
study nano-cracks on microstructures that will not subject nanomaterials’ to any 
risk of failure. This will also help researchers to understand the critical grain size 
in which cracks propagation can be prevented to avoid materials failure during 
manufacturing. In this current research finding, the result of our theoretical  

 

 
                  (a)                                        (b)                                      (c) 

Figure 1. (a)-(c) dark-field TEM microstructures and texture evolution revealing different direction of measuring grain size i.e. 
TD, ND and RD or SD [11] [12]. 
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modeling and simulation will guide nanoscientists, nanotechnologists, nanoen-
gineers and materials scientists during production of nanomaterials by ARB. 

The objective of this paper is to study the effect of crack propagation as func-
tion of grain size variants on nc materials during grain refinement by ARB. In 
this paper we focus on experimental data, theoretical concepts of severe plastic 
deformation and cracks processes on nc materials. Our study also focuses on 
modeling nano-cracks that do not lead to material failure during severe plastic 
deformation by ARB. The modeled results revealed how cracks propagation, ef-
fective fracture energy and grain size variants vary manufacturing of nanomate-
rials by ARB. The reason why we focused on the ARB method is based on the 
fact that most industries have adopted the ARB since it improves on productivity 
[9].  

2. Methodology 
2.1. Theoretical Framework and Consideration for Model  

Derivation 

For proper modeling of crack propagations the following factors must be taken 
into consideration. The conditions in which the crack was initiated since we 
cannot talk of crack propagation without looking at crack initiation. In this pro- 
ject crack initiation occurred due to material fatigue after several ARB cycles 
since it was necessary to performed several ARB passes for conventional mate-
rials to become nanomaterials. From the study crack propagation occurs from 
existing initiated cracks due to material fatigue during excessive ARB cycles. It is 
important to look at the method of materials manufacturing due to the fact that 
crack propagation depend on the nature of forces or load acting on materials 
during deformation. Therefore, the choice of models equation will also depend 
on forces, load and the nature of materials deformation.  

It is also important to understand how the grain sizes induce the change of 
crack propagation on the grain size variants during grain refinement. During the 
grain refinement process, different grain curvatures are generated on the grain 
size variants. The different grain curvatures generated are due to different ma-
terial flow along the TD, RD and ND. Since different materials flows are ob-
served along the ND, TD and RD, the material flow is higher along the elongated 
directions RD and TD when compared with ND [9]. Since more materials flow 
occurred at the RD and TD, more grain dislocations; grain curvatures, grain 
boundaries migration and grain rotation coalescence event took place along the 
RD and TD when compared to ND.  

Since more grain dislocation, grain boundaries migration and grain rotation 
coalescence activities took place in the elongated directions more grain curva-
tures are generated in the RD and TD [9]. Two grain curvatures exists during 
grain refinement, the high angle grain boundaries curvatures that gives enhan- 
ced properties which hinder crack propagation during grain refinement and 
low angle grain curvatures boundaries that give lower properties which enable 
crack propagation during grain refinement [9]. Therefore, the grain sizes in-
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duced the change of crack Propagation due different grain size curvatures on 
the grain boundaries. 

2.2. Method of Manufacturing Nanomaterials 

The experimental set up for ARB is shown in Figure 2(a). The ARB technology 
uses conventional rolling facility. For this project two shafts were placed hori-
zontally so that they were free to rotate by means of a mechanically automated 
operation. During experimentation the sample was forced or fed through the 
rotating shafts. The rotating shafts gripped the sample and forced the sample 
through the rollers in the first pass. The deformed sample was cut in two pieces 
and stacked together. Before stacking, the entire surfaces of the strips were wire- 
brushed (i.e. using stainless steel brush) and degreased with tetrachlorethylene to 
achieve good bonding. The materials were joined together in the corners using 
aluminum wires and subsequently rolled. The whole sequence of “rolling, cut-
ting, face-brushing, degreasing and stacking” was repeated again for several 
“passes” since it is necessary to performed several passes by ARB for conven-
tional materials to become nanomaterials. 

During materials deformation by ARB the material was subjected to compres-
sive cyclic loading condition as shown in Figure 2(d). Figure 2(c) revealed an 
image of cracks captured by scanning electron microscopy (SEM) during the 
deformation of nanostructure materials. Figure 2(b) shows the different ap-
proaches of measuring grain sizes which are along the TD, ND and RD as revealed  
 

 
Figure 2. (a) ARB process (b) deformed materials after ARB cycles (c) SEM Image of nc material cracks (d) schematic diagram of 
compressive cyclic loads. 
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by [11] [12]. In this research project, the measurement of grain size along the 
TD during experimentation is represented in the model as the semi major axis 
length r1, the ND during experimentation is represented in the model as the semi 
minor axis length r2, and the RD or SD during experimentation is represented in 
the model as the major axis length r3 and the equivalent radius r is defined as the 
radius of an equivalent sphere or circle obtained by the displacement method of 
volume/area measurement.  

2.3. Theoretical Consideration: Choice of Model  
Equations and Justification 

The griffith crack theory conditions from empirical data states [7], the Griffith 
crack theory is used for homogeneous continuum materials. The Griffith crack 
size can greatly exceed the nanomaterials’ grain size of (approximately 10 nm) 
due to high density of their GBs and their junctions. In the developed models of 
the grain size variants in this research, GBs, GRC, rate of grain breakage etc. are 
some of the major mechanism of grain size evolution that are considered also in 
the Griffith Models. We are aware that high angle grain boundaries in nanoma-
terials enhanced their materials properties and a low angle boundary doesn’t 
enhance their properties. It is therefore important to study how crack propaga-
tion affects material properties using the Griffith crack size. The induced crack 
size at the edge of a deformed materials can be represented by the Griffiths crack 
size [7] given by 
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pression of young’s modulus E  of nanomaterials is obtained from [9] 
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where the moment of initial is π 64DΙ = , 2D r=  is the radius of the grain as 
measured in the normal direction, 1L r=  is the radius in the transverse direc-
tion, ( )0 dd r r r= = −  is the change of equivalent grain size during grain re-
finement where r is the variable equivalent grain size, r0 is the fixed grain size 
and P  is the applied force during grain deformation [9]. Simplifying expres-
sion (2) gives  
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The condition of initiation of trans and intercrystallite fracture are given by 
the relation between the cohesion ( 0γ ) and grain boundary fracture energies 
( eγ ) [7] given as 
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0 2γ γ= , ( )2 2e s bγ η γ γ γ= + −                    (4) 

where γ  and bγ  are the specific energies of the free surface and grain boun-
dary (GB), respectively, sγ  is the cleavage step energy; and η  is the roughness 
factor of the fracture surface. In polycrystalline materials, the contribution of GB 
junction to the fracture energy is very negligible and is ignored during fracture 
analysis [7]. The volume fraction in a material consists of GBs and triple junc-
tions and it increases as the grain size decreases. For crack propagation in nc 
materials, the effective fracture energy is given as 

*
0 0 0 b e j jf f fγ γ γ γ= + +                        (5) 

where 0f , bf , and jf  are the crack area/volume fractions in the internal vo-
lume of grains, GBs, and GB junctions, respectively, which depend on the crack 
propagation trajectory, and 0γ , bγ , and jγ  are the contributions of the cor-
responding structural components to the specific energy of the nc material frac-
ture. At any instance during grain refinement the crack area/volume fractions of 

0f , bf , and jf  can be related to the equivalent volume of the grain. 
The characteristic values of material parameters such as 0γ , bγ , and jγ  are 

the corresponding structural components to the specific energy of the nc materi-
al fracture. The energy of large-angle GB is approximately three times lower than  

the free-surface energy 
3b
γγ ≈  [7]. The energy of nonequilibrium boundaries  

with excess dislocation density ρ  is 
4
3bnγ γ≈ , so it gives 

30e
ubγ ≈  [7]. Since  

the induced material crack propagates on grain size variants during grain re-
finement, the next step is to employ the different models of grain size variants 
during grain refinement from which the effects of crack propagation are studied. 
The models of nc materials grain size variants as derived by [9] are given as 
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where rc1 = local critical grain size, Z and D are Constants, ( )dW t  = change of 
the Wiener process, 2
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where O and I are constants.  

( )2 2d Ratio d .r r=                          (9) 

The yield stress on nanomaterial’s grain subjected to plastic deformation is 
given by Zhao [13] 
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where 0 0 tKσ σ′ = +  is bulk yield stress, dA K=  is HPR proportionality con-
stant, [ ]2t M rB K hH RT= , [ ]2d M rC K hH RT= , Kt is a constant, h is atomic 
diameter in the case of metal, Hm is the bulk melting enthalpy, R is ideal gas con-
stant, Tr is the room temperature, 100d tK K>  and 0 10 tKσ > . Equations (1) to 
(10) are stochastic and are solved simultaneously using lognormal distribution of 
grain size. 

3. Results and Discussion 

To test the models proposed in this report, the data from (nanocrystalline) alu-
minum sample (some of which are found in other reports: [9] [14]) are used, 
which are 2 1

0 0.01 nm s ,M −′ = ⋅ , 4m = , 1 1.95 ,cr r=  12, 0.90,CC a= =   
410 ,D −=  0 0.25 ,h nm= , ( ) 933.47 K,mT ∞ =  0 0.3,CV =   

( ) 110.71 KJ Mol ,mH ∞ = ⋅  0 16.7 MPa,σ ′ =  1.3,tK =  0 15.40 MPa,σ =   
1 21301.77 MPa_nm ,Kd =  1 1 8.31 JK molR − −= ⋅  and 300 KrT = , data from  

[15] [16] [17] are also used, which are 0.34v = , 100.129 10  Paµ = × , 
10.98 0.21 J mγ −= ± ⋅ . The additional data obtained for this work are  

0.0035,O =  1.1,I =  0 100 nmr = , 0.4Z = , 1Ratio 0.81= , 2Ratio 1.071= ,  
and 1  0.000008.τ =  The additional data were obtained through curve fitting of 
the empirical data from the different measures of the sizes. The obtained results 
are presented in the plots below. 

From Figure 3(a) it is observed that the material crack increases during grain  
 

 
Figure 3. (a): Crack Propagation as a Function of Time [S] (b) Effective Fracture Energy as a Function of Time [S] and (c) Crack 
Propagation as a Function of Size [nm]. 
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refinement of nc materials. It is also observed from Figure 3(b) that the effective 
fracture energy of nc materials decreases during grain refinement. Figure 3(a) 
and Figure 3(b) also indicates that during the deformation of nc materials the 
crack propagation decreases the effective fracture energy when the material 
grain size decreases. This can be explained based on the fact that during grain 
refinement more dislocations are usually generated at the crack tip section of the 
material, as it is seen that crack propagation affect the effective fracture energy of 
nc materials during grain refinement. Figure 3(c) revealed that as the material 
grain size decreases the propagation of material crack increases on the grain size 
variants during grain refinement of nc materials. 

It is also observed from Figure 3(c) that as the material grain size decreases 
the increase of crack propagation on the grain size variant differs. It is observed 
from Figure 3(c) that the materials crack propagation is higher when measured 
along r followed by 2r  and 3r  while the material crack propagation is lower 
along 1r . This can be explained based on the fact that during grain refinement 
the material experience more grain dislocation in the section of the crack tip 
along r, 2r  and 3r  and less grain dislocation along 1r . During the initial pro- 
cess of grain refinement the material crack propagation is higher along r and 2r  
due to lower angle grain boundaries (GBs) and lower along 1r  and 3r  due to 
higher angle GBs. As more grain refinement took place the crack propagation 
increase along 1r  and 3r  since the angles of their GBs become lower when 
compared to r and 2r . It is observed that the cracks propagation on nc material 
depend on the GBs described by the grain size variants since materials with 
higher GBs experience lower crack propagation and materials with lower GBs 
experience higher crack propagation during grain refinement. 

The opening of crack in a material is always driven by local stress concentra-
tion [15] [16] [17] [18] [19]. The stress in the material is usually higher near the 
tips of the crack in the material. Since the stress in the material is usually higher 
near the crack tips in the material, the material crack propagates along the GBs 
of the materials. It is also noticed that at larger grain size the material atoms res-
ist fracture, as the material has a stronger fracture resistance on the material 
grain size variants. The obtained result in this study is in line with that reported 
by other researcher [15] [16] [17] [18] [19]. 

As explained earlier in Figure 4(a) and Figure 4(b) crack propagation in-
creases with time while the effective fracture energy decreases during grain re-
finement. This is an indication that during the deformation of nc materials, 
crack propagation decreases the effective fracture energy. It is observed from 
Figure 4(a) that the effect fracture energy is high for larger grain size variants 
and low for smaller grain size variants. It is also observed from Figure 4(a) that 
at larger grain size and smaller grain size the effective fracture energy varies with 
the grain size variants. The effective fracture energy is higher for a larger grain 
size of r1 followed by r3 and lower for r2 and r due to different dislocation activi-
ties as function of the material grain size variants during crack propagation. 

The effective fracture energy in a material is related with the deformation  
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Figure 4. (a): Effective fracture energy evolution versus size [nm] (b) Yield stress [MPa] versus effective fracture energy. 

 
mechanisms in the fracture process. It is clear as revealed in Figure 4(a) that the 
effective fracture energy is stronger for larger grain size, so they have higher re-
sistance to crack propagation during grain refinement. As also revealed in Fig-
ure 4(a) the effective fracture energy is lower (weaker) for smaller grain size so 
they have lower resistance to crack propagation. Although larger grain size is 
important for ductility, its effects on materials strength and fracture toughness 
are uncertain. It is also observed from Figure 4(b) that the material yield stress 
decrease with increase in effective fracture energy during grain refinement. Thus 
it is shown that material crack propagation has a negative impact in nc material 
property during grain refinement. 

4. Conclusions  

The current work was aimed at studying the effect of crack propagation as a 
function of the grain size variants on nc materials during grain refinement by 
ARB. To achieve our objective, the model of Griffiths crack size was modified to 
be applicable to 3-D grain. The stochastic natures of the grain size variants have 
been also taken into consideration since the internal constituent structures of 
nanomaterials were random in nature and can be best studied using random 
processes specifically as stochastic processes. It can be concluded that crack pro- 
pagation increases while the effective fracture energy decreases during deforma-
tion of conventional material to nanostructure materials. It is also observed that 
as the material grain size decreases, the increase in crack propagation differs for 
the grain size variants. It is also observed that at larger grain size, the material 
atoms resist fracture, since the fracture resistance in the material is stronger. It is 
however observed that at larger and smaller grain size, the effective fracture 
energy and crack propagation varies on the grain size variants. The effective 
fracture energy is higher for a larger grain size variant and the crack propagation 
is higher for smaller grain size. 

The current research finding is of great significance since it has revealed re-
sults on cracks propagation that has never been revealed. Most previous findings 
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of cracks propagation did not show in details how cracks propagation occurred 
on different directions of measurement of microstructures. If correlations were 
to be done on most previous research findings on nano-cracks propagation, 
there would be several controversies since most results of cracks propagation 
were not well classified according to the RD, TD and ND. Nanomaterials are ge- 
nerally known for their high surface-to-volume ratio which affects their proper-
ties. The high surface-to-volume ratio has not been well incorporated in most 
previous findings of nanomaterials physical and mechanical properties. Micro-
scopy results give the surface area/volume but most existing theoretical models 
on nanomaterials physical and mechanical properties do not actually consider 
the surface area/volume on modeling and simulation which this research has 
considered.  

In this current study, cracks propagation as a function of grain size variants 
gives useful results that can be correlated with microscopy results. For over the 
past decades, several results have been obtained with several controversies since 
the mechanism of size was never been clearly defined. In this research finding, 
the mechanism of size was defined based on the high surface-to-volume ratio 
which was one of the most important factors of nanomaterials. We can therefore, 
conclude that, our theoretical model that shows the generation of cracks on nc 
material as a function of size variants is practical for solids with grain size va-
riants below a hundred nanometers. Since we have studied nano-cracks as a 
function of grain size variants that will not lead to materials failure during grain 
refinement, it will also be proper to study nano-cracks as function of grain size 
variants that will lead to material failure during grain refinement which is in 
progress by the same authors.  
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