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A B S T R A C T

Grain boundaries play an important role in determining mechanical properties of materials. To investigate the 
behavior of a single grain boundary, micropillar compression on bi-crystals has been widely applied, which 
however, mainly focuses on face-centered cubic metals. In this work, we investigate the influence of micropillar 
size, strain rate and temperature on deformation behavior of an Fe-2.4 wt.% Si bi-crystal with a high angle grain 
boundary and its paired single crystals. Tests were carried out at room temperature and -80 ◦C, nominal 
micropillar sizes were 1 µm, 2 µm and 4 µm, while strain rates were 0.001 s− 1, 0.01 s− 1 and 0.1 s− 1. Slip trace 
analysis reveals slip transmission across the grain boundary in bi-crystalline pillars. The transmitted slip systems 
can be different from those activated in single crystals depending on orientation. The identified transmission pair 
has a high transmission factor and is insensitive to strain rate and temperature, but dependent on pillar size. In 
contrast, the difference in yield strength between bi-crystals and single crystals is more closely related to testing 
parameters. For single crystals, smaller pillars can activate slip systems with a lower Schmid factor and slip traces 
become wavy due to cross-slip at a sub-ambient temperature.

1. Introduction

Grain boundaries are ubiquitous microstructural features in crys
talline materials and play a critical role in determining mechanical 
properties. In most cases, they act as obstacles for dislocation movement 
[1,2], which leads to the well-known grain refinement strengthening 
described by the Hall-Petch equation [3]. However, grain boundaries 
are not always barriers against plasticity, but can also act as dislocation 
sinks [4], sources [5] or allow transmission of dislocations [6]. Hence, to 
better understand the role of grain boundaries, attention has been 
directed to investigate a specific grain boundary by a variety of micro
mechanical tests [7–9], in particular bi-crystals by micropillar 
compression [4,10,11] in order to circumvent the growth of macro
scopic single and bi-crystals [12]. These studies reported that the role of 
grain boundaries in mechanical deformation of bi-crystal micropillars 

depends on different factors. While a large angle grain boundary in 
copper leads to dislocation pile-up strengthening, a coherent twin 
boundary is transparent to dislocation motion and barely increases the 
bi-crystal strength [13]. In addition, micropillar size also matters. For 
bi-crystalline nickel pillars, the yield strength can be either lower (5 µm) 
or higher (1 µm) than that of single crystalline counterparts [10]. Sig
nificant strain hardening is observed in 5 µm bi-crystalline pillars, 
whereas it was reported absent in 1 µm pillars [14]. Furthermore, at a 
low strain rate (10–4 s− 1), the bi-crystal copper pillar with a high angle 
grain boundary has a comparable strength with single crystals, whereas 
significantly higher at a larger testing strain rate (10–1 s− 1) [15]. How
ever, the investigations above on bi-crystals with micropillar compres
sion predominantly focused on face-centered cubic (FCC) materials. 
Deformation studies of body-centered cubic (BCC) bi-crystals are 
extremely limited. Notable exceptions are studies in [12], which 
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addresses size effects in an Fe–Si bi-crystal, and in [16], which probes 
slip transmission in pure tantalum bi-crystals. The role of testing pa
rameters, including strain rate and temperature, in BCC bi-crystal 
deformation remains largely unexplored.

To understand and predict the deformation behavior in a BCC bi- 
crystal compared with FCC, the higher complexity of BCC deformation 
needs to be considered, since not only factors such as grain boundary 
type, micropillars size, and testing parameters are relevant, but also the 
disputed slip planes. Unlike FCC structures with defined slip systems 
{111}〈110〉, there are still controversial reports on slip system activation 
in BCC single crystals [17]. Even confined to iron and its alloys, while 
slip direction is defined as 〈111〉, the observed slip planes encompass a 
wide range of possibilities, including {110}, {112}, {123} and 
maximum resolved shear stress plane (MRSSP) [18,19]. Moreover, the 
slip plane activation and corresponding critical resolved shear stress 
(CRSS) exbibit a strong dependence on orientation [20], temperature 
[21], and loading type (tension/compression) [22]. The mechanical 
behavior of bi-crystals can be closely related to the easiness of slip 
transmission across grain boundaries that is determined by the 
geometrical configuration of activated slip systems in single crystalline 
halves. Such geometrical configuration can be described by a trans
mission factor m’ as defined in Eq. 1 by Luster and Morris in 1995 [23], 
where ψ denotes the angle between the slip plane normals and κ between 
slip plane directions of the two accounted slip systems in two grains. 
Hence, with a large pool of possible slip planes and their sensitivity to 
multiple factors, slip transmission behavior can change in terms of 
transmission capacity and transmission pair under different conditions. 

mʹ = cosψ⋅cosκ (1) 

In this study, we use micropillar compression experiments to inves
tigate the deformation behavior of an Fe-2.4 wt.% Si bi-crystal with a 
high angle grain boundary and its adjacent single crystals. As electric 
steels, this type of alloy is rolled into very thin sheets to reduce eddy 
current losses [24] and cut or stamped into final shape. With the sheet 
thickness comparable to grain size and processing routes involving high 
speed deformation, understanding the mechanical response of individ
ual grain boundaries and their neighboring single crystals, as well as any 
effects of thermal activation, become particularly important. Our focus 
in this work is therefore the influence of sample size, strain rate and 
temperature on plastic deformation in single and bi-crystals.

2. Experimental procedures

2.1. Sample and experimental preparation

The macroscopic bi-crystal was grown at 0.1 mm/min according to 
the vertical Bridgman–Stockbarger method, using high-purity iron 
alloyed with Fe65wt%Si to obtain Fe-2.4 wt.% Si [12]. The as-grown 
material has a low dislocation density of ~ 9 × 1012 m− 2 as confirmed 
by electron channeling contrast imaging (ECCI) with an image provided 
in Fig. S1. The imaging was performed using a Zeiss Merlin field emis
sion SEM at 30 kV, with a probe current of 4 nA and a working distance 
of 6 mm. The sample was slightly tilted (up to ~3◦) during imaging to 
optimize channeling contrast. The relative dislocation density was 
estimated by counting visible dislocation contrasts per unit image area 
using ImageJ. Discs for micropillars were cut from the grown crystal by 
electrical discharge machining (EDM). A flat surface was achieved by a 
final polishing with OP-U suspension (Struers). The two single crystals 
adjacent to the grain boundary are denoted as G1 and G2 in this 
manuscript. The crystal orientation was measured by electron back
scattered diffraction (EBSD) on a Mira scanning electron microscope 
(SEM) with an EDAX DigiView camera. The average Bunge Euler angles 
of G1 and G2 are {198∘, 53∘,71∘} and {351∘, 84∘, 355∘}, respectively. 
The two crystals have a misorientation angle of 50◦ around the axis 
[14 1 8].

In order to better visualize and describe the orientation of the two 
crystals, they are pinpointed in the inverse pole figure (IPF) (Fig. 1a), 
with G1 inside the triangle and G2 near the 001–111 boundary. The IPF 
is further colored into different regions according to the highest Schmid 
factor of the three slip plane families {110}, {112} and {123}. For 
instance, in the red region, slip systems with {110} planes have the 
highest Schmid factor. Further, {112} is commonly differentiated be
tween {112}T and {112}AT , with the former shearing {112} plane in the 
twinning sense and the latter in the anti-twinning sense. Under 
compression, as in this work, {112}T is near the 101 – 111 boundary and 
{112}AT near the 001 corner, and vice versa under tension [20]. Hence, 
G2 is located in the {112}AT region and G1 in the {123} region.

In addition to the IPF, we further describe the two crystals in terms of 
their χ angle to facilitate the discussion on slip plane activation, as 
shown in Fig. 1b [17]. In a cubic stereogram (using G1 as an example), 
the χ angle denotes the angle between the MRSSP that contains the slip 
direction [1 1 1] and the neighboring[1 1 0] plane. The MRSSP is 
determined by the intersection of the great circle passing through [1 1 1]
and loading axis, and the great circle representing planes in the [1 1 1]
zone axis. Under this definition, G1 has an χ angle +22◦ and G2 − 29◦

Note that a positive χ always represents the MRSSP locates between a 
{110} plane and a twinning {112}T plane while negative between a 
{110} plane and an anti-twinning {112}AT plane. χ is in the range of −
30∘ ≤ χ ≤ +30∘ due to the crystal symmetry.

Micropillars were prepared on single crystals and on the grain 
boundary between them by focused ion beam (FIB) with a gallium 
source on a dual-beam microscope (Tescan Lyra, Czech Republic). At an 
acceleration voltage of 30 kV, the pillars were brought into shape in a 
stepwise fashion starting from rough milling with a current of 5 nA, 
consecutive 1 nA and finally fine polishing at 200 pA. The milled 
micropillars have nominal diameters of 1 µm, 2 µm and 4 µm with an 
aspect ratio between 2~3. The exact dimensions for every pillar were 
measured on the same microscope before the compression testing.

The lamellae cross-section of selected deformed micropillars were 
lifted out by FIB with gallium source on a dual-beam microscope (Helios 
NanoLab 600i from FEI Inc). The acceleration voltage was set as 30 kV. 
Before lifting out, the micropillar top was protected with a 2µm platinum 
layer deposited by ion beam-induced deposition platinum with ion beam 
deposition to 2 µm thickness at 80 pA current. 21 nA followed by 2.5 nA 
was used to cut lamellae from targeted pillars. For shaping the lamella, 
currents of 0.79 nA and 0.23 nA were applied in sequence.

2.2. Micropillar compression

Micropillar compression tests were performed in a tungsten filament 
SEM (Zeiss DSM 962, Germany) equipped with an in-situ indenter sys
tem (Alemnis AG, Switzerland) in the cryogenic module, where liquid 
nitrogen in a 25 L dewar was evaporated on a fine copper grid and 
pumped through a cold finger attached to the indenter frame for cooling 
down both sample and indenter tip. Details of this setup can be found in 
[27]. A 10 µm diamond flat punch (Synthon MDP, Switzerland) was used 
for the tests. For the set of experiments concerning the size effect, the 
strain rate was 0.001 s− 1. For the strain rate effect, the testing strain 
rates were varied between 0.001 s− 1, 0.01 s− 1 and 0.1 s− 1. For the 
temperature influence, tests at room temperature and − 80 ◦C were 
performed at three strain rates (0.001 s− 1, 0.01 s− 1 and 0.1 s− 1). The 
temperature − 80 ◦C was the lowest we could reach on the sample sur
face with this setup, which lies slightly above the brittle to ductile 
transition temperature TDBT (~ − 100 ◦C for single electric steel with 
comparable composition [28]). However, both room temperature and 
− 80 ◦C lie below the critical temperature Tc (~ 100 ◦C for single crystal 
[29]). At least three micropillars were tested at each condition. An 
overview of pillars tested at each condition is given in Table S1. The 
engineering stress was calculated by dividing the load by the top 
diameter of pillars and the engineering strain by dividing the 
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displacement by the initial pillar height. The yield strength was deter
mined at 0.5% engineering plastic strain, as graphically shown in 
Fig. S2.

2.3. Slip trace analysis

For slip trace identification, the deformed micropillars were imaged 
with a SEM (Mira, Tescan, Czech Republic) at two different views 
(frontside and backside). The activated slip system was identified by 
matching the actual slip trace(s) on SEM images of deformed pillars with 
the theoretical ones on a cylindrical model generated by Mathematica 
code, which uses the Bunge-Euler angles obtained from EBSD mea
surements [30]. To make a one-to-one comparison, an identical refer
ence frame was aligned for imaging the pillars and acquiring EBSD 
maps. Furthermore, the cylindrical model was tilted to the same angle 
(45◦) at which the image was taken and comparisons were made from 
front- and backside. An example is given in the supplementary materials 
(Fig. S3) to show the identification of slip traces. In this manuscript, slip 
traces marked with red color scheme represent activation of slip plane 
family {110}, green of {112}, and blue of {123}. Slip systems with the 
highest 15 Schmid factors are given in the supplementary materials in 
Table S2 in descending order.

2.4. Calculation of elastic anisotropy and stress incompatibility

As reported in [31], the elastic anisotropy of two crystals might in
fluence slip system activation in bi-crystals. The elastic modulus along 
the loading direction, E3, was calculated for each grain using its Euler 
angles and the elastic constants from [32] with a comparable Si content 
calculated based on density functional theory, which results in 225 GPa 
for G1 and 137 GPa for G2. The corresponding lateral Poisson’s ratios 
are ν31=0.517 and ν32=0.074 for G1, and ν31=0.375 and ν32=0.375 for 
G2. Due to the large elastic anisotropy, the stress incompatibility was 
hence further calculated based on the methodology of Tiba et al. [31], 
with the elastic constants, Euler angles, grain boundary inclination angle 
and crystal volume fraction as input parameters. The calculation was 
implemented in Python and can estimate stress incompatibility in BCC, 
FCC, and HCP bi-crystals [33]. The resulting resolved shear stress values 
normalized by the macroscopic uniaxial stress |τs/Σu|, predicted by 
Tiba’s model and Schmid’s law are compared in the supplementary table 
(Table S3).

3. Results

3.1. Influence of sample size

Before investigating the influence of the other two factors, namely, 
strain rate and temperature, we first focus on the sample size effect (at 
room temperature, and a strain rate of 0.001 s− 1) and aim to identify an 
appropriate pillar size for the following tests.

Fig. 2 shows the deformed micropillars of the two single grains with 
different diameters. Higher resolution images are given in Fig. S4. In G1 
(single crystal grain 1), only one slip system is found and does not 
change with the tested sample size (Fig. 2a, d, g). It is consistently 
identified as (2 3 1)[1 1 1] with the highest Schmid factor ~0.49. By 
contrast, the sample size does influence the activation of slip systems in 
G2. For 1 µm pillars, whereas two out of three activate (1 2 1)[1 1 1]
(m~0.50 ranked #1) and (1 2 1)[1 1 1] (m~0.41 ranked #14) (Fig. 2b), 
a pair of slip systems with relatively lower Schmid factor, specifically, 
(2 3 1)[1 1 1] (m~0.47, ranked #4) and (1 2 1)[1 1 1](m~0.46, ranked 
#7), is identified on the third pillar (Fig. 2c with slip trace labelled as iii, 
iv). Inconsistent slip activation is also found for 2 µm pillars, where two 
out of four activate (1 2 1)[1 1 1] and (1 2 1)[1 1 1] (Fig. 2e), and the 
other two activate (2 3 1)[1 1 1] and (1 2 1)[1 1 1] (Fig. 2f). However, 
for 4 µm pillars, they constantly activate the same pair of slip systems, 
(1 2 1)[1 1 1] and (1 2 1)[1 1 1], the former of which has the highest 
Schmid factor ~0.50. Overall, independent of pillar size, double-slip 
always occurs in G2 and single slip in G1.

In terms of bi-crystal compression, we note that the high angle grain 
boundary is transmittable, which is clearly visualized particularly for 
smaller pillars with 1 µm diameter, featured by continuous slip trace 
across the grain boundary (Fig. 3a2, b2). By analyzing the activated slip 
system in each grain, we can identify the slip transmission pair. As the 
slip traces on the bi-crystalline pillars are not as sharp and clear as on 
single crystalline ones, multiple theoretical traces with similarity are 
always presented on each grain side to highlight the matching. The 
matched one is given as a solid line. For each colored slip trace, their slip 
plane and slip directions are given in Fig. 3f.

For G1 in the bi-crystal, the activated slip system shows no difference 
at different pillar sizes, invariably (2 3 1)[1 1 1] (Fig. 3a2, b2, c2, d2, e2), 
which is also the one identified in the single crystal. However, slip 
activation changes in the G2 part of the bicrystal. For 1 µm bi-crystalline 
pillars, G2 can activate either (2 3 1)[1 1 1] or (1 1 0)[1 1 1] (Fig. 3a1, 
b1). The former has the second highest Schmid factor of 0.49 while the 
latter has the tenth highest of 0.43, neither of which is observed in single 
crystalline counterparts. These two slip systems are also found in 2 µm 

Fig. 1. (a) The orientation of the two crystals G1 and G2 shown in the IPF triangle. The colors divide the triangle into regions with slip plane families having the 
highest Schmid factor. (b) On the cubic stereogram, using G1 as an example, it shows the definition of χ angle between the MRSSP that contains the slip direction 
[1 1 1] and the neighbored [1 1 0] plane [25,26]. For G1, the χ angle is +22◦ and for G2 it is − 29◦.
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bi-crystalline pillars (Fig. 3c1, d1). However, the 4 µm ones activate only 
(2 3 1)[1 1 1] (Fig. 3e1) without sign of (1 1 0)[1 1 1]. In addition to the 
identified slip systems, there are also vague and short slip traces near 
grain boundaries of smaller pillars (yellow lines in Fig. 3a1, c1), espe
cially 1 µm ones, which are difficult to determine.

When only considering the sharp primary slip traces, the trans
mission factor m’ equals 0.85 between (2 3 1)[1 1 1] in G1 and 
(2 3 1)[1 1 1] in G2. When G2 activates (1 1 0)[1 1 1], the transmission 
factor is even higher, reaching 0.88.

Representative engineering stress-strain curves of micropillars with 

different diameters are given in Fig. 4a-c, showing a common “smaller is 
stronger” size effect at this scale range and accompanied by an increased 
number of load drops on the flow curves at a smaller size. Bi-crystalline 
pillars invariably yield at a higher stress and this stress difference is even 
more significant for 1 µm ones, consistent with the observation in [34]. 
Such increasing strength deviation between bi-crystalline and single 
crystals with decreasing pillar diameter is an implication of the char
acteristic length for dislocation source multiplication being the grain 
size instead of pillar diameter. For that, the size effect is described using 
grain size (determined by the half cross-section of bi-crystals) to fit all 

Fig. 2. Compressed micropillars of different diameters (1 µm, 2 µm, and 4 µm) with the identified activated slip systems (frontside). (a), (d) and (g) are from single 
crystal G1, with consistent activation of (2 3 1)[1 1 1], independent of pillar size. The other images are from G2, where two different micropillars are presented for 1 
µm (b-c) and 2 µm (e-f) diameter to show different slip system activation. 4 µm pillars (h) always show a double-slip composed of (1 2 1)[1 1 1] and (1 2 1)[1 1 1]. 
For G2, differently colored slip traces are numbered, with corresponding slip system and Schmid factor listed below the images. Strain rate is 0.001 s− 1 and tem
perature 25 ◦C.
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data points of G1, G2 and GB with a power law equation, as shown in 
Fig. 4d The fitting has a high R2 value 0.985 and leads to a size scaling 
exponent of 0.42 (similar to our previous work ~0.37 [12]). Apart from 
the overall fit, the size effect of G1, G2 and GB is also separately 
described, with fitting results shown in Fig. S5. The size scaling expo
nents are 0.29, 0.46 and 0.55, respectively, being the smallest for G1 and 
comparable for G2 and GB. The origin of this orientation-dependent 
scaling behavior, however, remains unclear. At first glance, the G2 
orientation, which favors multiple slip systems, may promote dis
location–dislocation interactions. Nevertheless, within the framework of 
the single-arm source model, enhanced elastic interactions are expected 
to reduce, rather than increase, the scaling exponent [35,36]. Alterna
tively, the larger exponent might be attributed to differences in lattice 
friction arising from the twinning–antitwinning asymmetry character
istic of bcc metals, as G2 lies in the antitwinning region (Fig. 1a). 
However, at room temperature, the effect of twinning–antitwinning 
asymmetry on lattice friction is expected to be negligible [30]. 
Furthermore, Schneider et al. reported the opposite trend, observing a 
smaller scaling exponent for the [001] antitwinning orientation in mo
lybdenum [37]. Therefore, the physical origin of the 
orientation-dependent scaling exponent remains unresolved and re
quires further investigation. In any case, the scaling exponent lies in the 
reported range of 0.2 ~ 0.6 for BCC metals deformed at room temper
ature [38–40], which is lower than for FCC metals owing to the different 
contributions to the size-dependent yield strength, depending on 

homologous temperature, mobile dislocation density, and strain rate 
[41,42].

In addition to the size effect, the mechanical curves also reveal that 
bi-crystalline pillars constantly exhibit a high apparent strain hardening 
rate over different samples sizes, whereas the single crystalline coun
terparts are characterized by a weaker strain hardening with decreasing 
diameter. The constantly high strain hardening rate implies that the 
grain boundary, though transmittable, can effectively trap dislocations, 
which otherwise easily slip out in single crystal pillars, particularly those 
of small diameter.

3.2. Influence of strain rate

For the following section, we tested micropillars with a diameter of 4 
µm to investigate the influence of strain rate (at room temperature) on 
slip system activation and mechanical properties. With this size, we can 
exclude the sample-size induced change in activated slip systems as 
shown in Fig. 2 and Fig. 3.

In the tested strain rate range, G1 constantly activates one slip sys
tem, which is identified as (2 3 1)[1 1 1] with the highest Schmid factor 
(Fig. 5a, b). The noticeable difference is that with increasing strain rate 
slip traces become less thick but more of them appear, which also applies 
to G2. In single crystal G2, apart from the frequently observed double- 
slip on (1 2 1)[1 1 1] and (1 2 1)[1 1 1] at 0.001 s− 1 (Fig. 5c, g, slip 

Fig. 3. Compressed bi-crystalline micropillars of different diameters (1 µm, 2 µm and 4 µm) with the identified activated slip systems (from backside). For 1 µm (a1- 
b2), and 2 µm (c1-d2) diameter, two different micropillars are presented to show different slip system activation. 4 µm (e1-e2) bi-crystalline pillars consistently show 
slip transmission between (2 3 1)[1 1 1] in G1 and (2 3 1)[1 1 1] in G2. (f) gives the corresponding slip system of differently colored slip traces. Below the image list, 
the identified activated slip systems and their Schmid factor in G1 and G2 are listed. Strain rate is 0.001 s− 1 and temperature 25 ◦C.
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trace i, ii), a third slip system, (1 2 1)[1 1 1] with the seventh highest 
Schmid factor of 0.46, is also activated (Fig. 5h slip trace iii). This 

additional slip system is also activated in smaller pillars of 1 µm and 2 
µm diameter (Fig. 2c, f). Higher resolution images are given in Fig. S6.

Fig. 4. Representative stress-strain curves of single crystalline and bi-crystalline pillars of different diameters in (a) 1 µm, (b) 2 µm, and (c) 4 µm. (d) Size effect fitted 
by a power law equation using grain size instead of pillar size. Strain rate is 0.001 s− 1 and temperature 25 ◦C.

Fig. 5. Compressed single crystalline micropillars, tested at different strain rates (temperature at 25 ◦C and pillar size 4 µm) showing the identified activated slip 
systems from frontside and backside. (a, e) G1 tested at 0.001 s− 1. (b, f) G1 tested at 0.1 s− 1. (c, g) G2 tested at 0.001 s− 1. (d, h) G2 tested at 0.1 s− 1.
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Within the tested range from 0.001 s− 1 to 0.1 s− 1, strain rates do not 
change the slip transmission pair, which is identified as (231)[1 1 1] for 
G1 with the highest Schmid factor (Fig. 6aII, bII) and (231)[111] for G2 
with the second highest Schmid factor (Fig. 6aI, bI). Their transmission 
factor m’ equals 0.85. Viewed from the opposite side (Fig. 6aIII, bIII), 
there are also faint slip traces in G2 possibly belonging to (1 2 1)[1 1 1]
with a Schmid factor 0.41 present, which are observed in single crys
talline G2. However, no visible slip transmission is associated with these 
traces, consistent with their very low transmission factor of 0.12 with 
(231)[1 1 1] in G1.

Representative engineering stress-strain curves at different strain 
rates are given in Fig. 7a-b. When tested at 0.001 s− 1, bi-crystalline 
pillars begin to flow plastically at a slightly higher strength than the 
stronger single crystal G2. Specifically, taken at 0.5% plastic strain, the 
yield strength for the bi-crystal is 413 ± 26 MPa while it is 365 ± 41 
MPa for G1 and 402 ± 12 MPa for G2. However, at 0.1 s− 1, the bi-crystal 
tends to yield at a comparable strength to that of G2 (453 ± 43 MPa for 
GB, 421 ± 24 MPa for G1 and 451 ± 22 MPa for G2). This change im
plies that the strain rate sensitivity (mSRS) of single crystals and the bi- 
crystal can be different, which is calculated according to Eq. 2 [43]: 

mSRS =
∂lnσ
∂lnε̇ (2) 

Here, σ is the yield strength at 0.5% plastic strain and ε̇ the applied 
strain rate, with results shown in Fig. 7c. In general, the bi-crystal has a 
slightly lower strain rate sensitivity than single crystalline counterparts, 
namely, 0.019 ± 0.009 for GB, 0.031 ± 0.015 for G1 and 0.025 ± 0.006 
for G2. A comparison is made with the strain rate sensitivity of a poly
crystalline Fe-Si alloy with a similar Si content to the alloy investigated 
in this work [44]. Within the error bars, given by twice the standard 
deviation of measurements for each condition, the strain rate sensitivity 

obtained here by micropillar compression is comparable to that by 
macroscopic tests.

3.3. Influence of temperature

We have compressed 4 µm micropillars at both room temperature 
(25 ◦C) and sub-ambient temperature (− 80 ◦C). Although studying the 
effect of cryogenic temperatures on the deformation of 1 µm pillars 
would be of interest, particularly given their stronger dislocation–grain 
boundary interactions at room temperature, the increased noise gener
ated by the nitrogen pump may cause fatigue-related artifacts owing to 
the substantially lower loads involved, as shown in Fig. S7.

The compressed single crystalline micropillars (at a strain rate of 0.1 
s− 1) are shown in Fig. 8 with frontside and backside views. The acti
vation of slip systems in G1 is not affected by the testing temperature 
and consistently identified as (231)[1 1 1] with the highest Schmid 
factor 0.49 (Fig. 8a, b, e, f). By contrast, slip system activation is changed 
in G2. At room temperature, the identifiable slip traces i and ii (Fig. 8c, 
g) are (1 2 1)[1 1 1] and (121)[1 1 1]. A third slip trace iii is found, 
possibly (2 3 1)[1 1 1], as shown also in Fig. 5h. While these localized 
slip traces at room temperature are smooth, those at − 80 ◦C are much 
wavier, as highlighted by yellow arrows on Fig. 8d, h. The waviness 
complicates the identification of activated slip systems. Following the 
average path of wavy slip traces, the most likely ones are labeled. The 
slip system (1 2 1)[1 1 1] with the highest Schmid factor only exhibits 
faint traces and the second one (121)[1 1 1] is suppressed at the low 
temperature.

Note that here the waviness comparison is only based on those 
localized slip steps. Apart from the localized slip traces used for slip 
system identification, there are also extremely fine and faint slip traces 
which are wavy in G2 at both temperatures, visible from high-resolution 

Fig. 6. Bi-crystalline micropillars compressed at different strain rates with the identified activated slip systems (temperature at 25 ◦C and pillar size 4 µm). The first 
row (a) at 0.001 s− 1 and the second row 0.1 s− 1. Column I and Column II are backside view while Column III from frontside view at a higher magnification to show 
extra faint slip traces in G2. Slip transmission occurs between (2 3 1)[1 1 1] in G1 and (231)[1 11] in G2 at both strain rates.
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images (Fig. S4, Fig. S6 and Fig. S8).
In terms of bi-crystalline pillars, the low temperature of − 80 ◦C does 

not change the transmission at the grain boundary and the transmission 
pair remains unaffected, specifically, (231)[1 1 1] for G1 with Schmid 
factor m = 0.49 and (231)[1 11] for G2 with m = 0.49 (Fig. 9aI, aII and 
Fig. 9bI, bII). Their transmission factor leads to m’ = 0.85. The secondary 
slip traces (green and yellow dashed lines in Fig. 9aIII), resulting from 
dislocation activities on slip planes with a lower Schmid factor (most 
probably (121)[1 1 1] in G2 and unknown in G1), disappear on the bi- 
crystalline pillars deformed at the lower temperature. Those wavy 
traces observed on single crystalline G2 pillars (Fig. 8d, h) are not found 
on bi-crystalline ones. After a comparable compressive strain (~ 13%), 
the grain boundary deformed at 25 ◦C shows a bulge while at − 80 ◦C 
appears noticeably straighter (Fig. 9aIII, bIII). At a higher magnification, 
the yellow square inset (Fig. 9c) shows shear steps on the grain boundary 
deformed at − 80 ◦C.

Representative engineering stress-strain curves at 25 ◦C and − 80 ◦C 
are given in Fig. 10a, showing increased strength with decreasing tem
perature and also an upper yield point for bi-crystals (black arrow). 
Compared with data at room temperature, the occurrence of the upper 
yield point in bi-crystals leads to a noticeably instead of marginally 
higher yield strength (at 0.5% strain) than single crystals (731 ± 35 MPa 
for GB, 612 ± 5 MPa for G1 and 580 ± 33 MPa for G2), as shown in 
Fig. 10b However, this upper yield point related strength elevation 
disappears at larger strains (Fig. 10a). At − 80 ◦C, we have also changed 
the testing strain rates, allowing a comparison of strain rate sensitivity at 
two temperatures (Fig. 10c). As a commonality for both single and bi- 
crystals, the strain rate sensitivity significantly increases with 

decreasing testing temperature, which aligns with literature for BCC 
materials [45]. Based on the yield strength at different strain rates, we 
can estimate the activation volume v* by Eq. (3) [46], which is a 
commonly used indicator of the rate controlling mechanisms: 

v∗ = kT⋅
∂lnε̇
∂σ (3) 

Here, k is the Boltzmann constant and T represents the testing tem
perature in Kelvin. The results are shown in Fig. 10d. At − 80 ◦C, the 
activation volume for both single and bi-crystals is around 10 b3, while 
at room temperature, the average value falls into the range of 35 ~ 49 
b3, where b is the Burgers vector of pure iron. The addition of 2.4 wt.% Si 
should have little influence on the lattice constant compared with pure 
iron [47]. The activation volume at both temperatures lies in the order 
of 101–102 b3, which suggests the rate-limiting mechanism for disloca
tion motion is the Peierls barrier [48].

In order to have a better insight on slip activities at grain boundary 
and temperature influence, two deformed bi-crystalline micropillars 
(the two from Fig. 9) were selected for EBSD cross-sections. The results 
are shown in Fig. 11 with grain reference orientation deviation angle 
maps (with reference area outlined at the bottom of pillars). The bi- 
crystalline micropillar deformed at 25 ◦C exhibits a significantly 
higher misorientation angle than that deformed at − 80 ◦C. The mean 
deviation angle is 3.91 ◦ at 25 ◦C while 2.53◦ at − 80 ◦C. The 90th 
percentile at room temperature reaches ~ 12◦, while approximately 6◦

for the lower temperature counterpart. Details are given as the cumu
lative curves in the Fig. S9. The wide distribution of deviation angles at 
25 ◦C presents a strong localization region extending to grain boundary 

Fig. 7. Representative engineering stress-strain curves at a strain rate of (a) 0.001 s− 1 and (b) 0.1 s− 1. (c) Strain rate sensitivity of single and bi-crystalline 
micropillars as well as polycrystalline bulk sample [44]. For the data shown here, the testing temperature is 25 ◦C and pillar diameter is 4 µm.
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that correlates with dislocation pileups at the grain boundary [49], 
which is not observed at the low temperature. This strong pileup inside 
the micropillar tested at room temperature can originate from the 
activation of secondary slip systems observed in both grains, as shown 
by dashed lines in Fig. 9aIII, which are not favored for slip transmission 
and suppressed at the lower temperature. In other words, there are no 
significant dislocations pileups if only the transmission pair is involved 
in plastic deformation. The two images in Fig. 9aIII and Fig. 9bIII are 
provided in Fig. S10 for better visibility to show secondary slip traces 
near the curved grain boundaries. The strong pileups seem also inducing 
the grain boundary bulging as mentioned above, which can be an 
indication of grain boundary migration and requires further future 
investigation.

4. Discussion

4.1. Slip behavior in Fe-2.4 wt.% single crystals

In the investigated two single crystals, G1 consistently activates 
(231)[1 1 1] with the highest Schmid factor, regardless of the testing 
conditions, specifically, the micropillar size, strain rate and tempera
ture. In contrast, slip system activation of G2 is considerably influenced 
by these factors.

We first discuss the influence of micropillar size. At small length 
scales, dislocation sources are supposed to be limited and those lying on 
the slip plane with the maximum Schmid factor may not be favored to be 
activated, for instance, when the pinning point of the single arm dislo
cation sources is too close to the sample surface [50,51]. Hence, with 
decreasing pillar diameter, the probability to activate slip systems with 
lower Schmid factor increases, which explains the observation in G2 of 
slip activation on (2 3 1)[1 1 1] with the fourth highest Schmid factor 

(double slip together with (1 2 1)[1 1 1] (m~0.46, #7)). However, a 
question might arise, why does it tend to activate the one with the fourth 
highest Schmid factor in a different slip direction, instead of the colinear 
planes (2 3 1)[1 1 1] and (1 3 2)[1 1 1] with m ranked 2 and 3, respec
tively? This might be related to the small intersection angle between 
(1 2 1)[1 1 1] with these two planes, namely only 11◦. It implies that 
those unfavored dislocation sources (too close to surface) for slip system 
(1 2 1)[1 1 1] with the highest Schmid factor would also be difficult to 
be activated on collinear neighboring {123} planes. Hence, it prefers 
activation of sources on slip planes with a different slip direction and 
simultaneously a high Schmid factor (2 3 1)[1 1 1]. This might also 
explain why in G1, the slip system does not change within the tested 
pillar diameter range. For G1, there are only 4 out of 48 slip systems with 
a Schmid factor higher than 0.4 (the first four collinear planes with slip 
direction [1 1 1]), while for G2, there are 16 out of 48. Hence, activating 
dislocation sources in G1 on slip planes with rather low Schmid factors 
might require even higher stress than activating unfavored sources on 
slip planes with high Schmid factors.

Upon increasing strain rate, according to the Orowan equation γ̇ =

ρmbv, (with γ̇ being the strain rate, ρm the mobile dislocation density, b 
the Burgers vector and v the average dislocation velocity), either more 
mobile dislocations or higher velocity are required to accommodate the 
externally applied strain. As suggested by the activation volume 
(Fig. 10d)), the rate controlling mechanism for dislocation motion in 
these 4 µm pillars is overcoming the Peierls barrier (v* in the order of 
101–102 b3 [48]). While higher stress at higher strain rates reduces the 
energy barrier for dislocation motion and leads to a higher velocity, it 
can also promote the operation of sources that are initially unfavored or 
activation of slip systems with a lower Schmid factor. Consequently, we 
see more but faint slip traces (Fig. 5a, b) and also secondary slip system 

Fig. 8. Compressed single crystalline micropillars of 4 µm diameter tested at 25 ◦C and − 80 ◦C (strain rate 0.1 s− 1), showing the identified activated slip systems. (a, 
e) and (b, f) are from single crystal G1 tested at 25 ◦C and − 80 ◦C, respectively. (c, d) and (g, h) are from single crystal G2 tested at 25 ◦C and − 80 ◦C, respectively. 
Frontside (a-d) and backside views (e-h) are provided.
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activation at higher strain rates (Fig. 5h).
Temperature has a significant influence on the activation of slip 

planes and the morphology of slip traces [21,52] and this influence is 
also orientation-dependent, as observed in our work. As shown in 
Fig. 1b, the loading axis of G2 leads to a positive Taylor angle χ = +29∘ 

in the anti-twinning direction under compression, whereas G1 exhibits a 
negative Taylor angle χ = − 22∘ in the twinning direction. At room 
temperature, we observe the primary slip plane is (1 2 1) in G2 and 
(231) in G1. In fact, for orientation G2, the angle between (110) and the 
observed activated slip plane (1 2 1) is +30◦ and for orientation G1, the 
angle between (110) and the observed (231) is − 19◦, which implies that 
the observed slip planes are nearly the MRSSPs. Moreover, at room 
temperature, the CRSS on different slip plane families does not differ 
substantially [30,53,54]. This is also true in our case with τ{123} ≈ 206 
MPa (G1) and τ{112} ≈ 226 MPa (G2). Hence, slip system activation is 
predominantly determined by the Schmid factor at room temperature. 
However, the observed localized {112} slip traces in G2 are probably 
only the apparent slip planes comprised of intensive cross slips between 
elementary {110} slip planes, as suggested by in-situ transmission 
electron microscopy tensile tests [55] and atomistic simulation [56]. 
The high-resolution images of compressed pillars in Fig. S4E,F,H, 
Fig. S6C, and Fig. S8C do show additional faint wavy slip traces apart 
from those localized thick slip steps on G2 deformed at room tempera
ture. However, such relatively smooth localized slip traces can also 
become visibly wavy at lower temperatures. On one hand, cross slip is a 
thermally activated process [57]. Regular and frequent cross slips be
tween elementary {110} slip planes to form an apparent slip can be 
hindered at lower temperature. The reduced thermal activation prolongs 
the duration of plasticity on one elementary slip plane and results in a 

longer straighter slip segment before crossing slip to another, which 
leads to much more pronounced signs of slip plane change (Fig. 8d). On 
the other hand, the temperature influence on the CRSS is 
orientation-dependent. The CRSS of the anti-twinning slip on {112} is 
more sensitive to the temperature [52,58–60] and increases noticeably 
more than that of {110}. The activation of {123} slip at sub-ambient 
temperatures in pure iron has not been frequently reported [54] and 
seems only to occur if {123} lies on the MRSSP, as in our case of G1. The 
CRSS of {123} at sub-ambient temperatures tends to fall between that of 
{110} and {112}AT in pure iron. By atomistic simulation, the CRSS of 
screw dislocation movement on {123} slip planes is even found com
parable to that on {110} [61]. In either case, it remains lower than on 
{112}AT. Hence, in single crystal G2, trajectory deviation from apparent 
{112}AT slip systems to {110} or {123} planes will be promoted at a 
lower temperature and constitute pronounced slip steps. Interestingly, 
in G1 consistently activating {123}, no obvious wavy features (neither 
localized nor faint traces) are observed at an identical magnification at 
either temperature, suggesting slip morphology is highly 
orientation-dependent. This smooth trajectory might result from two 
possibilities: first, the slip direction of {123} in G1 is easier forwarding 
[61] (see IPF in Fig. 1a), analogous to twinning direction of {112} slip 
system. Second, {123} itself can be an elementary slip, which requires 
further future study.

4.2. Slip behavior in Fe-2.4 wt.% bi-crystal

To discuss the slip behavior in the bi-crystal, we will focus on two 
aspects, specifically, slip transmission and mechanical properties of the 
bi-crystal.

Fig. 9. Compressed bi-crystalline micropillars of 4 µm diameter tested at 25 ◦C and − 80 ◦C (strain rate: 0.1 s− 1), showing the identified activated slip systems. The 
first row (a) at 25 ◦C and the second row at − 80 ◦C. Column I and Column II are backside view, while Column III gives the frontside view at a higher magnification to 
show extra faint slip traces in G2 at 25 ◦C and more details at grain boundaries. Slip transmission occurs between (2 3 1)[1 1 1] in G1 and (231)[1 11] in G2 at both 
temperatures. The inset (c) shows the shear steps on the grain boundary deformed at -80 ◦C.
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Fig. 10. (a) Representative engineering stress-strain curves at two temperatures. (b) Yield strength change with temperature. (c) Strain rate sensitivity and (d) 
activation volume at 25 ◦C and − 80 ◦C. In (a) and (b), the strain rate is 0.1 s− 1. For all tests at − 80 ◦C, pillar diameter is 4 µm.

Fig. 11. Grain reference orientation deviation maps in degrees (◦) of bi-crystalline pillar deformed at (a) 25 ◦C and (b) − 80 ◦C. Strain rate: 0.1 s− 1 and pillar 
diameter: 4 µm. The reference area for each grain is selected and outlined at the bottom of pillars. The scale bar for both (a) and (b) is 2 µm.
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Whether a grain boundary is transmittable strongly depends on the 
transmission factor m’ [23]. Based on literature, an m’ factor > 0.8 in
dicates a favorable transmission event. For instance, slip transmission 
occurs in niobium grain boundaries, when m’ > 0.9, independent of the 
grain boundary type [62]. For tantalum bi-crystals and polycrystals, slip 
transmission is observed when m’ > 0.85 [16,63]. In a Ti-Al alloy, the 
threshold of this transmission factor stays around 0.78 [23], which is 
close to 0.76 for a copper high angle grain boundary [34].

In this work, regardless of the testing strain rate and temperature, we 
observe slip transmission between (231)[1 1 1] (#1) in G1 and 
(231)[1 11] (#2) in G2 for all 4 µm pillars, which have a transmission 
factor of 0.85 paired with high Schmid factors (both 0.49), making the 
transmission feasible and reasonable. However, another question might 
arise: why the bi-crystal does not activate transmission pair in a vise 
versa manner, namely, slip system with the highest Schmid factor in G2 
and the one with the second highest in G1, which also have a high 
transmission factor ~ 0.86? This can be related with the incompatibility 
stress (provided in Table S3) arising from the pronounced difference in 
elastic response between the two grains, i.e., the elastic modulus along 
the loading direction (225 GPa for G1 and 137 GPa in G2) [31,32]. 
While Schmid́s law predicts a comparable maximum shear stress in two 
grains, Tiba’s model leads to a significantly higher maximum resolved 
shear stress in G1 (compare |τs/Σu|max=0.553 in G1 and 0.382 in G2). 
This difference implies that the plasticity onsets in G1, which needs to be 
further transmitted to G2. However, note that the incompatibility stress 
does not exert a great difference on the predicted shear stress order of 
slip systems in our case compared with that from Schmid́s law 
(Table S3).

Noteworthy is that we did not observe wavy features in the G2 part of 
bi-crystalline pillars, when decreasing testing temperature, although 
waviness was observed in the G2 single crystals. This might be a result of 
the activation of {123} planes instead of {112}AT in both grains, with 
the former supposedly having a lower CRSS than the latter at sub- 
ambient temperatures, as discussed for the slip in single crystals [52,
54,58–61]. The predominantly identified (1 2 1)[1 1 1] slip system with 
the highest Schmid factor in the G2 single crystal is not involved in 
transmission, in spite of its also relatively high m’ = 0.8, which signifies 
the critical role of transmission factor in triggered slip planes for slip 
transmission. Once a sufficiently high Schmid factor is present, the 
transmission factor m’ determines the transmission pair. For instance, 
Malyar et al. observed the slip transmission on a slip system with a 
Schmid factor of only 0.28, but with a transmission factor of 0.88 [34]. 
Although in the tested range, the strain rate and temperature do not 
influence slip systems involved in transmission, we do see an impact of 
micropillar size. For 1 µm and 2 µm pillars, transmission is also observed 
on (1 1 0)[1 1 1] and the involved slip system change can be similarly 
explained by source availability as discussed in the single crystal section 
(Section 4.1) [50]. It has the tenth highest Schmid factor of 0.43 and is 
not activated in the G2 single crystal. However, the transmission factor 
of this slip system reaches 0.88 with (231)[1 1 1] in G1, which further 
suggests that the slip transmission factor plays a more dominant role 
than the Schmid factor.

The strength of a micropillar bi-crystal does, however, not have a 
direct relationship with any single slip transmission event or underlying 
transmission factor, rather, several parameters contribute to bi-crystal 
strength. Our results show that whether a bi-crystalline pillar with a 
transmitting grain boundary is stronger than or comparable with single 
crystals, depends on test parameters. While the bi-crystal is marginally 
stronger than single crystals (Fig. 4c) at a larger pillar size of 4 µm, 1 µm 
bi-crystalline pillars yield at a significantly higher strength (Fig. 4a). 
This size-dependent influence of a transmittable grain boundary on yield 
strength has been similarly reported in copper [34] and nickel [10,14], 
which is explained by an increased interaction between single-arm 
dislocation sources and grain boundaries at a smaller size. Therefore, 
the characteristic length scale for power-law fitting should be grain size 

rather than pillar size [34], leading to a decent fit of our data (Fig. 4d).
Apart from the micropillar size, strain rate also plays a role. As shown 

in Fig. 7c, the bi-crystal is less sensitive to strain rates and hence, even 
the marginal elevation in yield strength at 0.001 s− 1 disappears at 0.1 
s− 1. At even larger strain rates, this transmittable bi-crystal might have a 
lower yield strength than single crystals. Interestingly, such crossover 
induced by strain rates has also been observed in a transmittable bi- 
crystalline copper, but at a lower strain rate end (0.0001 s− 1) [15]. 
This is, because in the copper case, the bi-crystal has a higher strain rate 
sensitivity than single crystals. The strain rate sensitivity of a bi-crystal 
in fact matches the general picture well that in BCC metals, strain rate 
sensitivity decreases with reduced grain size (athermal contribution 
increases from Hall-Petch strengthening), and in FCC metals, vice versa 
(enhanced activities of grain boundaries)[43].

Last but not least, the low temperature tends to induce the occur
rence of an upper yield point (only in bi-crystal) and results in a 
noticeably higher yield strength (at 0.5% small strain) of a bi-crystal 
compared with single crystals (Fig. 10b). Such instability of plasticity 
at grain boundaries is also reported as pop-ins by nanoindentation, 
which signifies the beginning of transmission events by pileup disloca
tions [7]. At room temperature, secondary slip systems that cannot 
transmit the grain boundary (see dashed slip traces in Fig. 9aIII) can also 
be activated and carry plasticity by dislocations multiplication (which 
later pile up in Fig. 11). However, at low temperatures only the trans
mittable slip pairs with high Schmid factor are activated due to a 
decreased mobile dislocation density [54,64]. Hence, the initiation of 
plasticity by breakthrough of incipient dislocations across a grain 
boundary will be more pronounced at low temperatures. Such difference 
could be proven by characterizing pillars before and after the appear
ance of the upper yield point, but this is beyond the scope of this work.

5. Conclusions

In this study, we have performed micropillar compression tests to 
investigate the influence of pillar size, strain rate and temperature on the 
deformation behavior of a Fe-2.4 wt.% Si bi-crystal with a high angle 
grain boundary as well as its paired single crystals. Based on the 
experimental results, the following conclusions can be drawn: 

1. Slip system activation in single crystal can be influenced by micro
pillar size and strain rate, which has been associated with dislocation 
source availability and activation on the unfavorable slip planes.

2. Temperature can cause the transition of slip plane, from {112}
family at room temperature with highest Schmid factor, to {110}
family at sub-ambient temperature in spite of a lower Schmid factor. 
Such transition has been correlated with the different temperature 
sensitivity of critical resolved shear stress on respective slip plane 
family.

3. Slip transmission is observed in bi-crystals with a high transmission 
factor (≥0.85) and simultaneously high Schmid factor. Transmission 
factor is more critical than Schmid factor to determine slip systems 
for transmission, which, can be different from that activated in single 
crystals.

4. We observe no influence of strain rate and temperature on the 
transmission pair in bi-crystals based on 4 µm pillars. However, a 
smaller pillar size at room temperature can induce transmission 
events between slip systems with a lower Schmid factor, but a higher 
transmission factor.

5. The size effect of the bi-crystal and single crystals can be well fitted 
together, if the grain size instead of pillar size is plotted, indicating 
the grain size is the characteristic length for source multiplication.

6. The strain rate sensitivity of the bi-crystal is lower than that of single 
crystals, which can lead to a crossover of their yield strength at larger 
strain rates. An upper yield point with decreasing temperature is 
observed in bi-crystal, signifying the beginning of slip transmission.
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