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A B S T R A C T   

Size effect for BCC α-iron is investigated for micro-polycrystalline grains. MDDP simulations were performed to 
mimic impenetrable grain boundaries at sizes ranging between 0.5 μm and 2 μm at an applied rate of 105 s− 1 at 
300 K, 600 K and 900 K temperatures. For the three deformation temperatures, the Hall-Petch effect and the 
Orowan effect are reproduced. A comprehensive study of the microstructure evolution shows that screw dislo
cations control the plastic deformation of the polycrystalline materials via the activation of cross-slip mecha
nisms. Hardening is seen at low sizes for all temperatures at low strain range due to the dislocations pile up inside 
the grains prior to cross-slip activation. Once cross-slip is thermally activated, self-multiplication of dislocations 
is detected resulting in strain softening indicating that Orowan fit represented better the size effect in micro- 
polycrystalline BCC α-iron.   

1. Introduction 

Seven decades ago, Hall and Petch (Hall, 1951; Petch, 1953) 
empirically established a linear relationship between the yield strength 
of low carbon steel and the reciprocal of the square root of its grain size 
according to the Hall-Petch (H–P) equation: 

σy = σ0 + KHPd− 1/2 (1)  

Where σy is the yield strength of the material, d is the grain size, KHP is a 
material constant (Cordero et al., 2016) and σ0 is considered as the yield 
strength of a single bulk crystal (Cordero et al., 2016; Armstrong et al., 
1962). Further studies showed that the H–P equation was applicable to 
several metals and alloys (Armstrong et al., 1962; Armstrong, 2014; 
Jago and Hansen, 1986) at submicron and micron range sizes. 

Several models were proposed to explain the H–P equation. The first 
model was the pile up model explained first by Hall (1951) and elabo
rated by Eshelby (Eshelby et al., 1951), Hirth (Hirth and Lothe, 1982) 
and Chou et al. (Chou and Li, 1970). In this model, dislocations were 
assumed to pile up within the grains forming a stress concentration at 
the head of a slip band (Cordero et al., 2016; Armstrong, 2014; Naik and 
Walley, 2020). This model was refuted by Li (1963) where Hall-Petch 
effect was not attributed to the dislocation pile up but to the grain 
boundary (GB) source mechanism. The model of Li (1963) was further 

developed by Ashby (1970). Ashby (1970) proposed a strain hardening 
model to derive the H–P equation. At yielding, GB ledges generate dis
locations proportional to the grain size such that: 

ρGN =
ε

4db
(2)  

where ρGN is the geometrically necessary dislocation and ε is the strain. 
Alternatively, the increase of dislocation density affects the flow stress 
through Taylor’s equation: 

σ = σ0 + αGb
̅̅̅ρ√

(3)  

Where σ0 and α are material constants, Gis the shear modulus, b is the 
Burgers vector and ρ is the dislocation density. Combining equations (2) 
and (3) leads to an inverse relationship between the flow stress and the 
square root of grain size. 

Recently, the above two models were on an ongoing debate. From 
the source mechanism model, several work hardening models were 
suggested to explain the size effect (Naik and Walley, 2020). Cordero 
et al. (2016) summarized the various grain strengthening models over 
six decades and found that the strain hardening model of Ashby (1970) 
describes best the H–P equation. However, Li et al. (2016) argued these 
findings by conducting a Bayesian meta-analysis using the experimental 
data in the literature. They found that the data does not fit Ashby model. 
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Li et al. (2016) suggest that the dislocation curvature is responsible for 
the grain strengthening mechanism. Line tension which is inversely 
proportional to the length of the source (L) is responsible for the bow out 
of a Frank Read source. Therefore, the yield stress is proportional to 1/L 
or 1/d. 

Along with the strengthening mechanism that is trying to explain the 
physics behind the H–P effect, the validity of equation (1) was also under 
discussion. Even though the Hall Petch equation was applicable to many 
metals, several studies (Cordero et al., 2016; Conrad, 1963; Christman, 
1993) showed that the exponent n = -0.5 may differ from one material to 
another. Christman (1993) fitted experimentally data on grain size and 
found out that the size exponent varies between − 0.9 and − 0.5 for BCC 
metals. Cordero et al. (2016) compiled the existing data for several 
materials and found that for BCC α-iron, n is equal to − 0.29 and KHP is 
equal to 640 MPa μm0.29. Based on the dislocation curvature model, 
Dunstan and Bushby (2014a) statistically showed that the yield strength 
is linearly proportional to d− 1 or to lnd/d. Chandran (2019) noticed that 
σ0 and KHP in α-iron vary from one study to another; although they 
should not since they are material constants. He gathered all the data in 
the literature on the yield strength over multiple length scale and pro
posed a phenomenological exponential function. 

In addition to the experimental works that had been done to explore 
the mechanism behind the Hall-Petch effect, atomistic and discrete 
dislocation dynamics (DDD) simulations were employed to identify the 
strengthening mechanism. Molecular dynamics simulations (Wang 
et al., 2014; Zhang et al., 2019; Van Swygenhoven, 2002) were carried 
out to study the interaction between the GB and dislocations. On the 
other hand, various strengthening models were proposed by carrying 
out DDD simulations. Lefebvre et al. (2007) used 2.5D to identify the 
dislocation mechanism governing the H–P effect in Copper micropillars. 
They found that the Hall-Petch equation is applicable, however, the 
controlling mechanisms change with grain sizes. For larger grain sizes, 
pile up model dominates the deformation mechanism, while for the 
ultrafine grain sizes, the dislocation mean free path is the controlling 
mechanism. Biner & Morris (Biner and Morris, 2003) showed that size 
effect is determined by dislocation pile up across the boundaries. Ohashi 
et al. (2007) noticed that the shortening of dislocation sources is 
responsible for the size effect. Zhou and LeSar (Zhou and Lesar, 2012) 
observed that the length of the spiral sources controls the strengthening 
mechanism. El-Awady (El-awady, 2015) revealed the importance of the 
dislocation density in predicting the controlling mechanism of the size 
effect. Once the dislocation density which is size dependent reaches a 
critical value, the dominant strengthening mechanism changes from 
dislocation source to forest hardening source. Li et al. (2009), Zhang 
et al. (2021) and Jiang et al., 2019, 2020 studied the influence of GB 
orientations on the size effect as well as the mechanical properties of 
micropillars. They found that for penetrable and impenetrable GB, size 
effect is consistent. Hardening and hence flow stress, are affected by the 
orientation of the GB. Most dislocation dynamics simulations used 
impenetrable grain boundaries to study size effect; some DDD simula
tions were carried out to emphasize on the influence of the dislocations – 
grain boundary interaction on size effect. Fan et al. (2015) studied the 
hardening effect in polycrystalline Mg by modeling twin boundaries in 
DDD. Espinosa et al., 2005, 2006 assumed that the nucleation of 

dislocations at the grain boundaries are responsible for the size effect in 
thin film. Yellakara & Wang (Yellakara and Wang, 2014) explained the 
H–P effect in polycrystalline copper by studying the effect initial dislo
cation density and grain shape. Lu et al. (2022) constructed a penetrable 
GB model to study the dependence of size effect on source length and 
grain size. They found that the yield stress of polycrystalline sample with 
impenetrable GB is twice higher than those with penetrable GB due to 
dislocation pile up. Furthermore, the Hall-Petch equation was not 
satisfied, rather the exponent was found to be between 0.91 and 0.98. 

Various models were proposed to explain the Hall-Petch effect, but 
no adopted model has yet been achieved. Due to the debatable in
vestigations reported in the literature, there are still several features 
related to the effect of high temperature/high strain rate on the size 
effect equation as well as the dynamic evolution of dislocations that 
need to be addressed. Even though temperature plays a major role in the 
deformation mechanism of BCC metals and to the authors’ best knowl
edge, there are no studies on the effect of high temperature on the Hall- 
Petch equation in BCC α-iron. In this work, we carried out Multiscale 
Dislocation Dynamics Plasticity (MDDP) simulations to study the size 
effect on BCC α-iron polycrystal subjected to high temperature and high 
strain rate. We observed and interpreted the dynamic evolution of the 
dislocations microstructure to identify the controlling mechanism of 
plastic deformation and grain strengthening. The simulations were 
conducted to mimic BCC α-iron micro polycrystalline subjected to a 
compressive loading of 105 s− 1 at 300 K, 600 K and 900 K deformation 
temperatures. The cubic grain size varies from 0.5 μm to 2 μm. The 
MDDP approach is described in the following section. Simulation results 
are discussed and analyzed in Section 3. 

2. Methodology 

Multiscale Dislocation Dynamics Plasticity (MDDP) (Zbib, 2002; 
Zbib and Diaz de la Rubia, 2002) is a hybrid elasto-visco-plastic model 
that accounts for the time dependent plasticity through the explicit 3D 
evaluation of dislocation nucleation, generation and motion. MDDP is a 
simulation model that couples the three dimensional discrete dislocation 
dynamics (DDD) with the macro level scale where the mass, momentum 
and energy transport obey the basic laws of continuum mechanics using 
finite element (FE) analysis (Yasin et al., 2001; Kattoura and Shehadeh, 
2014). A noteworthy feature of the model is the incorporation of strain 
rate and temperature dependent mobility law based on atomistic cal
culations as discussed in (El Ters and Shehadeh, 2019; Gurrutxaga-
Lerma, 2016; Gurrutxaga-Lerma et al., 2017) such that: 

d(T, v, θ) =
d0

1 −
(

v
ct

)2 ×
T

Tcr
(4)  

Where T is the simulation temperature; v is the glide velocity and θ is the 
dislocation character that is the angle between the dislocation line sense 
and its burger vector. Tcris the critical temperature of the material which 
is the temperature above which the mobility of screw dislocation 
equalizes that of an edge dislocation (Tcr = 340 K for α-Fe); d0 is the 
dislocation drag at the reference temperature (d0 = 9.4 × 10− 5 Pa s at 
340 K (Urabe and Weertman, 1975)); ct is the material transverse speed 
of sound. The values of ct are tabulated in Table 2. The lattice friction (σ)
integrated in MDDP is the one used in (El Ters and Shehadeh, 2019; 
Gurrutxaga-Lerma et al., 2017; El Ters and Shehadeh, 2020): 

σ = σp ×
T

Tcr
(5)  

where σp is equal to 500 MPa, 200 MPa and 50 MPa for pure screw, 
mixed and pure edge dislocation respectively (El Ters and Shehadeh, 
2019). 

Previous MDDP simulations (El Ters and Shehadeh, 2019, 2020) 
investigated the mechanical response and microstructure evolution of 

Table 1 
Sizes of the cubic grains used in the simulation with their initial dislocation 
density.  

Grain Size (μm) Initial dislocation density 
(m− 2) 

Number of Frank Read 
Sources 

0.2 × 0.2 × 0.2 1.09 × 1013 3 
0.75 × 0.75 ×

0.75 
4.95 × 1012 3 

1 × 1 × 1 3.15 × 1012 4 
1.5 × 1.5 × 1.5 2.65 × 1012 7 
2 × 2 × 2 1.57 × 1012 7  
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bulk BCC iron as well as BCC iron micropillars subjected to high strain 
rate and high temperature. Here we carried out MDDP simulations to 
mimic the mechanical response of micro-polycrystalline BCC iron. The 
micro-polycrystalline is simulated as an infinite periodic cluster made 
with one cubic grain. Cubic grains ranging from 0.5 μm to 2 μm (Table 1) 
are simulated to study the Hall-Petch effect (Fig. 1) where grains are 
oriented in the [001] direction. In all these simulations, an initial 
dislocation density was taken between 2 × 1012m− 2 and 1 × 1013m− 2. 

Frank Read (FR) sources were introduced randomly in the simulated 
domain to act as agents for dislocation generation and multiplication on 
the {110} slip planes. The length of the dislocation sources is taken as 
one-third of the grain size (Zbib and Khraishi, 2008). To model impen
etrable grain boundaries, we applied a large stress on the boundary of 
the grain such that the penetration of dislocations through boundaries is 
obstructed. The mechanical properties for the α-iron are listed in 
Table 2. 

Table 2 
Mechanical properties of α-iron at different temperatures (El Ters and Shehadeh, 
2019; Gurrutxaga-Lerma et al., 2017).   

300 K 600 K 900 K 

Burgers vector b (nm) 0.248 0.248 0.248 
Density ρ (kg.m− 3) 7860 7767 7600 
Shear Modulus G (GPa) 116 100 62.5 
Poisson ratio ν 0.37 0.39 0.43 
ct(m/s) 3197.22 2986.74 2634.41  

Fig. 1. MDDP simulation set up of the polycrystalline cubic α-iron. The colored 
straight pinned segments illustrate the Frank Read sources placed on the 
{110} planes. 

Fig. 2. Stress strain curves at different sizes for (a) 300 K, (b) 600 K and (c) 900 K.  

Fig. 3. Plot of the flow stress at 0.6% strain vs. 1/√d at 300 K, 600 K and 
900 K. 

Table 3 
MDDP generated constant parameters of the Hall Petch equation at different 
temperatures as well as the correlation coefficient R2.  

Temperature 
(K) 

σ0 (MPa) Hall Petch constant KHP 

(MPa.μm1/2) 
Correlation 
Coefficient R2 

300 408.59 1100.2 0.9775 
600 236.41 991.96 0.8328 
900 149.69 597.45 0.9079  
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3. Results and discussion 

3.1. Size effect at 105s− 1 

Fig. 2 shows the generated stress strain curves for the five simulated 
sizes subjected to a deformation rate of 105s− 1 and at different defor
mation temperatures (300 K, 600 K and 900 K). By inspecting Fig. 2(a), 
it is observed that for sizes greater than 0.75 μm; the response is linearly 
elastic up to the onset of yielding followed by a stress drop to a constant 
flow stress value indicating stress relaxation. For the 0.5 μm, three stages 
on the stress strain curves can be identified. First, the linear elastic 
regime followed by a linear plastic regime with different slope indicates 
apparent strain hardening at very low strain. This apparent strain 
hardening is followed by a serration behavior in the stress strain curve. 
This is attributed to the rapid increase of dislocation density followed by 
a decrease in the dislocation density evolution due to the storage of 
dislocations inside the confined grain. The serration characteristic in the 
0.5 μm stress-strain curve indicates that there is a slight change in the 
deformation mechanism at smaller sizes as will be discussed shortly. The 
stress strain curves at 300 K are in good agreement with the results of 
(Okitsu et al., 2011; Tsuji et al., 2002) on α-iron. At higher temperatures, 
the stress strain behavior of the 0.5 μm at 300 K is also detected at 0.75 
μm. Furthermore, the amount of stress drop after reaching the peak is 
very large when compared to the stress drop at room temperature. The 
stress strain behavior at high temperature will be discussed in detail 
below. 

Irrespective of the deformation temperature and strain values, it is 
clear from Fig. 2 that the flow stress decreases as the grain size increases. 
To quantify the size effect, the flow stress at 0.6% strain on the stress- 

Fig. 4. Plot of the flow stress at 0.6% strain vs. 1/d at 300 K, 600 K and 900 K.  

Table 4 
Constant parameters of the Hall Petch equation at different temperatures ac
cording to Orowan equation as well as the correlation coefficient R.2.  

Temperature (K) σ0 (MPa) K (MPa.μm) Correlation Coefficient R2 

300 955.52 521.53 0.9972 
600 480.92 483.42 0.8979 
900 444 285.63 0.9422  

Fig. 5. Dislocation microstructure evolution of the 0.5 μm grain at room temperature and at different strain. (a) The Frank Read source lying on the (110) plane starts 
to bow out asymmetrically inside the grain. (b) Two dislocations pile up loops are formed inside the crystal at a strain of ε = 1.3%. (c) Cross-slip (CS) is activated at a 
strain of ε = 1.56%. (d) While the cross-slip mechanism is enhanced, additional loops are formed acting as obstacles to dislocation motion. (e) At a strain of 1.76%, 
dense network of dislocations is shown. 
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strain curves for the three deformation temperatures is plotted vs. the 
reciprocal of the square root of the grain size in Fig. 3. As can be seen 
from Fig. 3, the stress vs. d⁻1/2 relationship fits well the Hall-Petch 
equation (1) for the three deformation temperatures. 

As can be seen from Fig. 3 and Table 3, KHP as well as σ0 are tem
perature dependent. In BCC metals, the flow stress is known to decrease 
with the deformation temperature (El Ters and Shehadeh, 2019; 
Reed-Hill et al., 2009) therefore σ0 which is considered as the flow stress 
of a single α-iron crystal is expected to decrease as the deformation 
temperature increases. El Ters and Shehadeh (El Ters and Shehadeh, 
2019) showed that for strain rates higher than or equal to 105s− 1, the 
effect of temperature on the flow stress is considerable with a power 

dependency of − 0.61. 
Like the dependency of σ0 on temperature, Table 3 shows that the 

Hall-Petch constant KHP decreases with the increasing deformation 
temperature. Armstrong et al. (Armstrong et al., 1962; Armstrong, 2014) 
proposed a model to evaluate the Hall-Petch constant such as: 

KHP =m
[

π×m∗ ×
Gbτrss

2α

]1/2

(6)  

Where m is Taylor factor relating the compression strength to the 
resolved shear stress, m∗is a Sachs orientation factor, G is the shear 
modulus, b is the Burgers vector, τrss the resolved shear stress required to 
induce the motion of dislocations across the grain boundary and α is a 

Fig. 6. Dislocation microstructure evolution of the 1.5 μm grain at room temperature and at different strain. (a) At a strain of 1%, Some Frank Read sources are 
activated while others are immobile. (b) Screw dislocations start to move at a strain of 1.13%. (c) Cross-slip mechanism is activated for the screw dislocation of the 
(101) plane. 

Fig. 7. Dislocation microstructure evolution of the 0.5 μm grain at 600 K and at different strain. (a) The (110) plane is activated with edge and screw dislocations 
moving at the same pace. (b) Dislocations pile up start to be seen. (c) More dislocations pile up are formed. (d) Cross-slip is activated resulting in an avalanche of 
dislocations. 
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material constant related to the Poisson ratio ϑ by 2(1− ϑ)
2− ϑ . As can be seen 

from equation (6), the Hall-Petch constant is dependent on the shear 
modulus and the Poisson ratio of the material. However, G and ϑ are 
temperature dependent as depicted in Table 2, resulting in a tempera
ture dependence of the Hall-Petch constant. 

3.2. Size effect based on Orowan equation 

To further investigate the stress dependency on size, we analyzed the 
dependency of the flow strength to the reciprocal of the grain size. Li 
et al. (2016) suggested that the dislocation curvature which is inversely 
proportional to the length of the source (L) is responsible for the grain 
strengthening mechanism. Therefore, the yield stress is related to the 
grain size by the following equation: 

σf = σ0 + Kd− 1 (7)  

Where σf is the flow stress, d is the grain size, K is the Orowan 
strengthening constant and σ0 is considered as the yield strength of a 
single bulk crystal. Fig. 4 shows that the flow stress fits well with the 
reciprocal of the grain size irrespective of temperature. Table 4 shows 
the values of σ0 and K at the three deformation temperatures. By 
comparing Tables 3 and 4, it is evident that the MDDP generated σ0 and 
K follow the same trend as the Hall-Petch constant with respect to 
temperature. It is interesting to note that even though the correlation 
coefficient R2 for both the Orowan and Hall-Petch regression is high at 
all temperatures as shown in Tables 3 and 4, the value of the generated 
σ0 for the Orowan equation is in good agreement with the MDDP 
generated flow stress of a single crystal (El Ters and Shehadeh, 2019) at 
the applied high deformation rate (105s− 1). Therefore, one can conclude 
that the Orowan fit represents better the size effect than the Hall-Petch 
effect. This will be elaborated and explained in the microstructure 
evolution section (Section 3.3). 

3.3. Microstructure and dislocation density evolution 

As shown in Fig. 2, the change in the stress strain response at 
different sizes and different temperatures is due to the influence of the 
dislocations’ velocity, mobility and lattice friction temperature depen
dence (El Ters and Shehadeh, 2019) (equation (4) and (5)). These pa
rameters as well as the restricted space of the grains will affect 
dislocations activities and interactions. To shed light on the stress strain 
response and size effect presented in Section 3.1, microstructural ana
lyses have been conducted on the 0.5 μm and 1.5 μm grains at 300 K and 
600 K. Fig. 5 illustrates snap shots of the dislocation microstructure of 
the 0.5 μm at 300 K. Initially, the grain has three immobile Frank Read 
sources. The Frank Read source lying on the (011) slip plane starts to 
bow out asymmetrically indicating that its critical resolved shear stress 
is attained while the (110) and (101) planes are not activated. The (101) 
plane has zero Schmid factor while the critical resolved shear stress for 
the (110) plane is not attained yet. Due to high lattice friction imposed 
on the screw dislocations as shown in equation (5); edge dislocations 
start to move at low shear stress while screw dislocations remain idle 
(Fig. 5(a)), forming extended segments proportional to the grain size. As 
the edge dislocations continue to move inside the crystal, they are 
obstructed at the grain boundaries due to the extremely high stress 
imposed on the boundaries; thus, forcing them to form the first dislo
cation loop. As the loading increases, a second dislocation loop is formed 
at a strain of 1.3% (Fig. 5(b)). At this instant; the stress at the tip in
creases by 2τ due to the pile up model explained first by Hall (1951) and 
elaborated by Eshelby (Eshelby et al., 1951), Hirth (Hirth and Lothe, 
1982) and Chou et al. (Chou and Li, 1970). In this model; the calculated 
stress at the head of the pile up τc is equal to the applied stressτ multi
plied by the number of pile up (n). Consequently, hardening effect is 
observed in Fig. 2(a). At this strain, the lattice friction of screw dislo
cations is attained, and they start to glide slowly on their slip plane as 
compared to their edge counterparts. At a strain of 1.56%, stresses are 
high enough to thermally activate the cross-slip mechanism and screw 
dislocations cross-slip on the (101) plane as depicted in Fig. 5(c). This 
resulted in the formation of small loops acting as obstacles (Fig. 5(d)) 
manifested in an increase of the stress in the stress-strain diagram (Fig. 2 
(a)). Fig. 5(d) also shows that the Frank Read source lying on the (101) 
slip plane starts to bow out indicating that its critical resolved shear 
stress is exceeded by the applied stress at 1.6% strain. Additional screw 
dislocations are formed enhancing the cross-slip and double cross-slip 
processes and leading to an avalanche of dislocations throughout the 
simulation volume (Fig. 5(e)). The large interaction of dislocations in
side the grain via self-multiplication is presented by an abrupt stress 
drop in the stress strain curve of Fig. 2(a). The cross-slip process of screw 
dislocations on the (101) and (110) slip planes which have low and zero 
Schmid factor respectively along with the limited grain volume affected 
the mobility of dislocations resulting in an absence of dislocation gen
eration. This is exhibited in the elastic loading between the strain jumps 
of the stress strain curve of Fig. 2(a). As the stress is increased, the 
cross-slip process of the (101) plane is activated leading to a motion of 

Fig. 8. Stress vs. plastic strain for the 0.5 μm at 300 K and 600 K.  

Fig. 9. (a) Plot of the stress vs plastic strain at 0.5 μm and 1.5 μm at 300 K. Strain hardening is clear for both sizes. (b) Microstructure evolution of dislocations with 
no cross slip at 0.5 μm (c) Microstructure evolution of dislocations with no cross-slip at 1.5 μm. 
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screw dislocations and dislocation generation. 
For larger grains and as illustrated in Fig. 6, at room temperature, 

Frank Read sources are activated and edge dislocations start to move 
while screw dislocations are sessile. Once edge dislocations approach 
the boundaries, their motion is hindered leaving long sessile screw 
dislocations behind (Fig. 6(a)). Since the extended screws are propor
tional to the grain size, longer extended screw dislocations in the 1.5 μm 
grain are observed as compared to the extended one in the 0.5 μm grain. 
As a result, and as the loading proceeds, the lattice friction of screw 
dislocations is attained before the formation of the first loop. Screw 
dislocations start to move on their slip plane but at a lower speed than 
their edge counterparts (Fig. 6(b)). The increase in stresses allow the 
thermal activation of the cross-slip mechanism at a strain of 1.2%. As 
depicted in Fig. 6(c), the screw dislocation of the (101) plane exhibits a 
series of cross-slip and double cross-slip. Therefore, cross slip becomes 
dominant resulting in a large increase in dislocation density trapped in 
the simulation volume. It is worth noting that no dislocation pile up is 
observed for larger grains due to the earlier activation of cross-slip. The 
homogeneous deformation controlled by the self-multiplication of screw 
dislocations lead to the formation of a dense network of dislocations 
resulting in stress relaxation in the stress strain curve of Fig. 2(a). Since 
no dislocations pile up is shown due to the self-multiplication of dislo
cations, one can conclude that size effect is exhibited due to the dislo
cation curvature. However, Frank Read sources length is related to the 
grain size in MDDP as L = d/3 where L is the Frank Read source length. 
The generated MDDP results agree well with previous experimental and 
simulation results and analysis (Li et al., 2016; Dunstan and Bushby, 
2013, 2014b). 

To investigate the effect of temperature on size effect, snap shots of 
the 0.5 μm grains at 600 K are presented in Fig. 7. Once the critical 
resolved shear stress is attained, the Frank Read source placed on the 
(011) plane starts to bow out with screw and edge dislocations moving at 
the same time and at the same speed (equation (4) and (5)). As the strain 
increases (Fig. 7(b–c)), screw and edge dislocations advance towards the 
boundaries but cannot leave the grain. Dislocation loops are generated 
on their slip system and accumulated at the vicinity of the grain 
boundaries. The internal stresses emerged from the dislocation’s accu
mulation exceeded the resolved shear stress of the (101) slip plane. It is 
interesting to note that the dislocations lying on the (101) start to pile up 
forming many loops as shown in Fig. 7(c). The number of accumulated 
loops at 0.5 μm is higher for the annealed grains than that for the room 
temperature ones. This is associated to the occurrence of the cross-slip 
and the motion of screw dislocations. The lattice friction of screw dis
locations at higher temperature is smaller than the one at 300 K there
fore screw dislocations at 600 K move faster and reaches the boundary at 
relatively low stresses. The accumulation of the loops makes them 
harder to be activated thus increasing the stress level which becomes 
high enough to thermally activate the cross-slip mechanism. Screw 
dislocations start to cross-slip and double cross-slip at high-speed 
compared to screws at room temperature; resulting in a rapid self- 
multiplication and a complex network of entangled dislocations is 
formed. The fast increase in dislocation generation resulted in a large 
stress drop as indicated in Fig. 2(b). Fig. 8 shows the plot of the stress vs. 
the plastic strain for the 0.5 μm at 300 K and 600 K deformation tem
peratures. From Fig. 8, each step corresponds to the formation of one 
dislocation loop. The hardening region at 600 K is greater than the 300 K 
one due to the mobility of screw dislocations. At 600 K, screw disloca
tions move faster than the 300 K thus requiring less external stress to be 
activated and consequently lower yield strength. 

To elucidate the importance of cross-slip in the deformation mech
anism of polycrystalline α-iron; we carried out MDDP simulations of the 
0.5 μm and 1.5 μm grains at 300 K by disallowing the activation of cross- 
slip. Fig. 9 depicts the stress strain response of the 0.5 μm and 1.5 μm 
grains as well as their microstructure evolution. It can be seen from 
Fig. 9(a) that the flow stress continues to increase as the strain increases 

leading to a significantly high strain hardening rate. Hardening is 
dominating the plastic flow. This can be attributed to the accumulation 
of dislocation loops near the boundaries (Fig. 9(b–c)). The impenetrable 
grain boundary impedes dislocations motion especially screw ones that 
are unable to cross-slip. The lack of mobility in the dislocations induces 
an increase in the flow stress and consequently hardening effect is 
presented. 

4. Conclusion 

In this study, MDDP simulations were carried out to investigate the 
Hall-Petch equation for polycrystalline BCC α-iron subjected to high 
strain rate at high deformation temperatures. For the three deformation 
temperatures and at different strain rates, our results are in line with the 
H–P fit and Orowan fit. However, the constant value of σ0 in the size 
effect equation which is the flow stress of a bulk crystal is closer to the 
Orowan fit that the H–P fit. For all temperatures and at different sizes, 
the plastic deformation is controlled by screw dislocations resulting in a 
large self-multiplication of dislocations via cross-slip. For the 0.5 μm 
grain, there is a minor transition in the deformation mechanism where 
hardening is seen at low strain followed by strain softening. The hard
ening is the result of the dislocation pile up at the boundaries. At low 
temperature, sessile extended screws are formed as the Frank Read 
source is activated. These screws are proportional to the length size 
leading to a pile up before the thermal stress is reached to activate cross- 
slip mechanism. Once cross-slip is activated, strain softening is man
ifested. For greater sizes, no dislocations pile up loops are shown in the 
microstructure indicating that dislocation curvature controls plasticity 
instead of dislocations pile up. This led to the conclusion that the 
exponent n = -1 is a better fit for the size effect. 
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