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Pure manganese is simply known as ‘hard, brittle 
and silverly colored’ metal, however why man-

ganese is hard and is not entirely clear. The micro-
cracks appearing during the phase transformation 
upon solidification are sometimes reported as one of 
the main causes of brittleness, since the varying disp-
lacements are accumulating during the multiphase 
transformation (1, 2).

Manganese resembles iron and is reasonably reac-
tive that dissolves non-oxidizing acids. Additionally, it 
tends to rust when subjected to exposure to water. It has 
been widely used as the main additive in the production 
of steel and other alloys, thereby significantly enhancing 
their physical and mechanical properties. Manganese is 
important as an alloying element in ferrous and non-
ferrous metal alloys to enhance corrosion resistance 
and strength. Furthermore, manganese dioxide is com-
monly employed as a cathode material in commercial 
batteries. (3, 4). 

It is known that manganese undergoes isotropic 
phase transformation on cooling, beginning from δ to γ 
(at 1407 K), then to β (at 1368 K) and finally to α (at 1015 
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K). While δ to γ phases have body centered cubic (BCC) 
and face centered cubic (FCC) respectively. The β  and α 
phases of manganese are known to have a complicated 
crystal structure with 20 and 58 atoms in the cubic cell, 
respectively. α -manganese has a complex crystal lattice 
of the A12-type based on the BCC structure with a latti-
ce constant α ~ 8.9 Å (2, 5).

The use of advanced characterization techniques is 
one component in knowing the quality of such alloys 
or steels. However, evaluating small-volume materials 
differs from testing bulk materials. This is due to the 
occurrence of artifacts, such as in nanomechanical tes-
ting techniques. Mechanical properties and deformati-
on behavior of small volume materials are critical in the 
effective design of small devices that must sustain stres-
ses in service. (6, 7). Thus, mechanical testing of nanost-
ructured materials fabricated by FIB machining allows 
the investigation of various sample geometries such as 
micropillar for compression (8, 9), dog-bone shape for 
tensile tests (10, 11), and cantilevers for bending (12, 13). 
Free-standing micropillar compression experiments are 
a promising method to examine the mechanical pro-
perties of single crystals of various materials with small 
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beam (FIB), with diameters ranging from ~1 μm to ~4.5 μm, has been studied as a func-

tion of specimen size using micropillar compression at ambient temperature. The manga-
nese pillars were machined from randomly chosen larger grains of polycrystalline metal. At 
ambient temperature, single crystals of manganese display chaotic slip planes emerging on 
the sample surface and brittle plastic deformation when the sample size is decreased to the 
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4-5.6 GPa. The stress-strain curves of all tested manganese pillars demonstrated significant 
work hardening and smooth f low behavior, with strains up to 8-10%. After 10% strain, how-
ever, the f low stresses remained constant with no work hardening. As previously reported, the 
manganese pillars with undetermined crystal orientation demonstrated a less pronounced 
size effect (-0.14) by the size effect exponent of BCC pillars. 
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parts, thus necessitating a higher level of thermal activation 
(19, 35, 36). Kishida et. al (37) examined the compression 
behavior of single crystal α-Mn micropillars with squared 
cross-sections ranging from 1 to 10.5 µm, against crystal 
orientation at the room temperature for the first time, and 
determined the deformation mechanism and critical resol-
ved shear stress (CRSS). They discovered that single crystal 
manganese pillars deformed plastically due to dislocation 
motion and reached extremely high flow stresses in the 4.5-
6 GPa range. Dislocations glide along [111] and [001] are po-
inted out to operate in Z-axis orientations near [001] and [
111] respectively. Because of the wavy shape of slip planes 
induced by cross-slip, they were unable to identify the low-
indexed planes.

Furthermore, the literature has extensive experimental 
research on the size-dependent mechanical characteristics 
of different single-crystal FCC and BCC metals. This sug-
gests the evolution of the size effect, which could be instru-
mental in this regard. As a result, there is sufficient oppor-
tunity to improve understanding of the micromechanical 
properties of manganese pillars for the whole range of BCC 
metals size effects mentioned in the literature.

Thus, the purpose of this study is to investigate the 
size-dependent compressive strength and deformation be-
havior of single crystals manganese pillars against sample 
size at ambient temperature using micropillar samples with 
diameters ranging from ~1 to ~4.5 µm to deduce the size-
dependent strength through evaluating flow stress values. 

MATERIALS AND METHODS 

Materials Used and Pillar Preparation

A cast polycrystalline pure Mn metal sheet (99.95%) ha-
ving 2 mm thickness, denoted “as-received” material was 
provided from Goodfellow Cambridge Ltd. The samples 
were cut into small squares (10 mm × 10 mm) and mo-
unted in resin. The sample surface was gradually ground 
with SiC abrasive grinding papers (from P1200-grit to 
final grinding with P2000-grit; EU grade). This process 
was followed by polishing down to ¼ µm using diamond 
pastes in sequence. After that, further finishing was car-
ried out using an active polishing suspension (OP-S) to 
remove the strain, induced by grinding and polishing 
operations. The specimen was extracted from the mount 
and placed onto scanning electron microscopy (SEM) 
stub for further characterization. Larger grains were 
selected to generate random orientation samples, which 
were subsequently processed using a FIB to fabricate mic-
ropillars of the desired dimensions. 

All single crystal pillars with diameters ranging from 
~1 µm to ~4.5 µm were prepared using FIB from randomly 

dimensions. 

There are numerous reports published on compression 
experiments of metal nanopillars with diameters less than 5 
μm. In all cases, the smaller the sample diameter, the higher 
the pillar/wire strength. This phenomenon is called size ef-
fect dependency. This dependence of strength on specimen 
size was first reported by Uchic et al. (8), whereby they used 
a FIB machining and nanomechanical testing device equip-
ped with a flat-ended tip to investigate the in-situ mechani-
cal properties of micron/submicron-sized nickel (Ni) pillars 
at room temperature (8, 14). They reported some shifts in 
the stress-strain plots as the pillar diameters varied and fo-
und an inverse relationship between yield stress and power 
of sample size. Consequently, this method has become more 
attractive and very popular for investigating the size effect 
dependence of various materials. Moreover, fundamental 
approaches were tried to understand the size effect depen-
dence and deformation behaviors of small-sized materials 
and specially focused on different lattice types of materials 
such as FCC (8, 14-18), BCC (19-23), hexagonal close-packed 
(HCP) (24, 25), metallic glasses (26-28) and nanocrystalli-
ne materials (29). The FCC metal pillars under compressi-
on exhibited a universal power-law relation between pillar 
diameter and strength. The yield stress (σy) has an inverse 
relationship with the variable power of the sample size (d), 
with a universal empirical correlation: 

0
n

y Adσ σ= +                                                                      (1)

where, σ0 represents a bulk strength, A represents a 
material constant, and n represents a size effect exponent. 
For several FCC lattices, the power-law exponents have 
been typically found to be in the range of -0.6 to -1.0. Dou 
and Derby compiled the size-dependent strength for seve-
ral FCC nanowires/pillars (tested in compression) against 
sample diameter. This was proposed that a universal em-
pirical relation of approximately n = -0.67, for equation 1, 
where σ0 = 0 (30).

Equation 1 expresses a similar connection between 
compressive engineering stress and pillar/wire diameter for 
BCC metal pillars. However, samples of BCC metal tested 
under compression exhibit considerable variances in beha-
vior with power-law exponents ranging from -0.15 to -0.8 
(19, 21-23, 31-34). It is generally believed that the difference 
in the behavior between FCC and BCC metals is attributed 
to the different responses of dislocations in the different lat-
tice structures. In FCC metal pillars, the dislocations are 
highly mobile, thereby showing similar mobility for edge 
and screw dislocations and need quite low thermal activati-
on. However, in BCC structures, the coplanar core structure 
of a screw dislocation causes a higher lattice friction stress 
(Peierls) and lower mobility when than their edge counter-



43

H
. Y

ilm
az

 e
t a

l /
 H

it
ti

te
 J 

Sc
i E

ng
, 2

02
4,

 11
 (1

) 4
1–

47

selected grains of manganese. A free-standing Mn pillar 
was prepared using a Zeiss Gemini 2 Crossbeam 540 SEM-
FIB (Carl Zeiss, Jena, Germany). This instrument was loca-
ted at the East Anatolia High Technology Application and 
Research Center (DAYTAM)/Ataturk University. Accelera-
ting voltages of 5 kV and 30 kV were utilized for imaging 
and machining (preparations), respectively. According to 
Volkert and Lilleodden's procedure, (38) the nano/micro-
pillar machining process was performed in two stages. The 
methods and experimental conditions used to fabricate the 
micropillars have also been explained in detail in our earlier 
work (23). Briefly, the pillars were prepared using an inner 
and outer diameter ring pattern design. The radius of the 
inner and outer rings was set to approximately around 9 μm 
and 16 μm, respectively. The pillars of different heights were 
produced by utilizing a variety of dwell times. Depending 
on the required pillar height, a high flow of gallium (Ga+) 
ions applied at the start of the FIB milled a hole around the 
pillar with a depth ranging from 18-32 µm. An individual 
Mn pillar was machined (at most ¼ of the grain size) from 
each selected grain in the Mn microstructure. The highest 
pillar fabricated was around 12.3 µm. Therefore, we chose 
a grain with around 50 µm to be sure that pillar does not 
contain any sub-grain or grain boundaries. The aspect ratio 
was set between 2.8 and 3.8, to avoid buckling deformation 
at higher pillar heights. This was accomplished by progres-
sively decreasing the FIB current at various machining sta-
ges. From a milling point of view, the compression pillars 
with taper angles ranging from 3º to 5º were obtained. Based 
on the as-received conditions, the manganese metal only al-
lows to machine/prepare a single pillar from an individual 
grain. Before the uniaxial compression experiments, the 
size of each pillar (all diameters and heights) was obtained 
using images collected with FIB (Zeiss Gemini Crossbeam 
540, at 5kV).

Uniaxial Compression Experiments

Uniaxial compression tests on Mn pillars were carried 
out with the help of an Agilent Technologies Nano Indenter 
G200 micromechanical testing system (Agilent Technologi-
es, Santa Clara, CA, USA) outfitted with a 15 µm flat punch 
tip. This instrument was located at Koç University Surface 
Science and Technology Center (KUYTAM). The comp-
ression tests were performed in displacement-rate control 
mode at a constant nominal displacement rate of 3 nm/s. 
Stress-strain graphs were created using the load-displace-
ment data. As mentioned in our previous work, the size-de-
pendent strength vs pillar diameter was displayed following 
standard compressive flow stress at 4% strain (23). This is 
because there is no uniform engineering strain value in the 
literature where micropillar compression experiments are 
reported, and the data are variably given in a 2.5-8% comp-
ressive strain range (22, 31, 39, 40).

RESULTS AND DISCUSSION

Microstructure

Several attempts have been made to examine the informa-
tion about the microstructure of manganese metal sheet 
using electron backscatter diffraction (EBSD) analysis. It 
has been discovered that the surface of manganese metal 
cannot produce a single diffraction pattern. The crystal 
orientation of the grains could not be identified. Thus, 
larger grains were chosen at random to produce the man-
ganese pillars. The Mn pillars of varying diameters were 
machined from randomly selected grains without regard 
for orientation. Therefore, due to the microstructure of 
manganese metal, it was impossible to fabricate multiple 
pillars in one grain. The SEM micrographs of the mic-
rostructure and FIB machined micropillars are depicted 
in Fig. 1 (a-c).

Crystallographic Slip for Manganese Pillars

Fig. 2 shows typical SEM micrographs of manganese 
pillars varying in diameter from ~1 m to ~4.5 m. These 
Mn pillars were machined from randomly picked grains 
and compressed. It should be highlighted that without 
knowing the grain orientation, we couldn't tell which 
slip planes were engaged during compression from the 
chaotic slip bands. There was no substantial variation in 
deformation behavior between deformed manganese pil-
lars with undetermined orientation. In the top right SEM 
image in Fig. 2, the clear slip traces are more apparent 
compared to other SEM images since there is no load 
controlling option in testing instrument. The testing 
instrument has only displacement-rate control mode. We 
were not able to control the load applied. Thus, the app-
lied load was too high for some pillars to identify the slip 
traces. Also, the orientations of the grains are uncertain, 
the angle between the loading direction and the normal 
of the slip plane could not be calculated. In this study, 
we aimed to investigate the effect of pillar diameter on 
strength rather than aspect ratio or the effect of length. 
Researchers tend to give more attention to studying the 
effect of pillar diameter on the mechanical properties of 
micro- or nanoscale materials due to its significant influ-

Figure 1. (a) SEM image of polycrystalline manganese metal surface, 
(b) A view of some micropillars prepared by FIB on the surface of Mn 
metal, and (c) A representative SEM image of 2.6 µm Mn micropillar in 
diameter. The image was taken at 54° tilt from the top view. 
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ence, ease of precise control during fabrication (FIB and 
lithography), and its pronounced size-dependent behavi-
ors in small-scale materials. Variations in pillar diame-
ter often lead to more pronounced size effects in mec-
hanical properties due to high surface-to-volume ratio, 
which becomes critical at smaller dimensions. Changes 
in diameter can create significant differences in stress 
distributions and deformation mechanisms compared to 
heights variation. For example, changes in diameter can 
influence the density of defects, stress concentrations, 
and surface effects (dislocation image force, dislocation 
starvation mechanism etc.) more prominently than vari-
ations in height. (41, 42)

Stress-Strain Curves and Size Effect Dependency

Fig. 3 indicates a representative engineering stress-strain 
plot for randomly selected orientations of manganese 
pillars with various diameters. This curve clearly sho-
wed the influence of sample size on the pillar strength. 
Since then, the stress has increased as the pillar size has 
reduced. At 4% strain, the flow stress reached 5.61 GPa 
for manganese pillars with a diameter of 1182 nm. Due 
to early plasticity, the yield stress at 0.2% strain is quite 
difficult to apply in these pillar experiments. Therefore, 
we have chosen a fixed strain (4%) in our pillar study. At 
4% strain, the stress of the largest manganese pillar (4460 
nm) was 4.53 GPa. The stress-strain plot for manganese 
metal shows a period of indistinct yield onset followed by 
strain hardening up to 10% strain. In general, the stress-
strain curves of all tested manganese pillars showed high 
work hardening and smooth flow behavior, typically with 
strains up to 8-10%. However, the flow stresses remained 
constant without work hardening after 10% strain. No 
significant difference was found in the stress-strain be-

havior of all Mn pillars tested in unknown orientations. 
When compared to other BCC metallic pillars examined 
in the literature, the Mn pillars demonstrated conside-
rably greater engineering stresses at 4% strain for a gi-
ven diameter. The Mn pillars showed relatively higher 
engineering stresses for a specific diameter compared to 
other BCC metallic pillars tested in the literature (19, 22, 
23, 34, 40). Our stress-strain results agree with previo-
usly reported only single study on Mn pillars, confirming 
that higher stresses (ranging between 4-6 GPa) are re-
ached for all orientations. The steepness in linear region 
in stress-strain behavior of Mn pillars was also observed 
similar in previously reported study on Mn pillars (37).

A possible explanation for the higher strength could be 
related to the arbitrary chosen orientations leading to non-
uniform slip behavior and the unknown Schmid factor cau-
sing higher stress values than other metallic pillars reported 
in the literature. The local dislocation density in the Mn 
sample was not measured. However, the metal specimen 
displayed homogeneous and isotropic grain shapes. Thus, 
we conclude that the local dislocation densities were not too 
high to strongly influence our experiments and arguments.

The effect of pillar size on strain hardening rate (SHR) 
lowers as pillar diameter increases. The SHR data was deri-
ved as the mean gradient of the stress-strain curve between 
4% and 10% strain, which is consistent with earlier compres-
sion investigations (see Fig. 4). (19, 21, 23, 40, 43). The SHR 
data was precisely identified through data extraction using 
data reader function in the Origin Lab software. Although 
some scatter was observed in the SHR data, indications of a 
size effect were discernible. The tests conducted on a larger 
number of pillars will reduce the observed data scatter. Our 
analysis did not identify error bars or ranges in the SHR data. 
Experiments using Mn pillars with known orientation must 
be repeated to determine why the flow stress and SHR were 
too high. Further research into the size-dependent mecha-
nical behaviors of Mn pillars with known orientation is re-
quired to offer a statistically confirmed stress-strain curves 
to detect the active slip system and a more precise size effect 
exponent. Maintaining consistent fabrication processes for 
pillar fabrication, specifically in terms of uniform diame-
ters, alongside constant testing parameters, is anticipated 
to comparable stress-strain, SHR data, and size effect expo-
nents. Repetition of these experiments is expected to yield 
results consistent with this expectation. 

Fig. 5 depicts the stress at 4% strain as a logarithmic 
curve vs pillar diameter. Linear interpolation was used to 
get the size effect exponent for the Mn pillars. As observed 
with the randomly oriented Mn pillars, there is a less ap-
parent size effect, with flow stress increasing as pillar size 
decreases. The size effect exponent for Mn pillars was found 

Figure 2. post deformation SEM images of Mn pillars with various 
diameters. On the surface of the pillars, a chaotic and brittle slip 
behavior was observed. SEM images were captured and adjusted at 36° 
from the top view. 
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to be -0.14. According to the literature, the size exponents 
for BCC metals range between -0.1 and -0.8. The power 
law exponent of the Mn pillars agrees with prior research 

on the BCC pillars. (19, 32, 34, 44). Kishida and colleagues 
(37) investigated how single crystal α-Mn micropillars with 
diameters ranging from 1 to 10.5 µm responded to compres-
sion testing concerning their crystal orientation. However, 
there does not appear to be a significant effect on yield stress 
due to sample size variations across the orientations studied. 
There is always uncertainty in determining the precise ori-
entation of each pillar, which might cause variation in size 
effect data. Table 1 presents data from various reports on 
micropillars tests on several BCC metals.

CONCLUSION

Single crystal manganese micropillars with randomly 
chosen crystallographic orientations were fabricated by 
FIB from a polycrystalline sample (varying in diameter 
from 1000-4500 nm) and deformed to measure their 
stress at 4% strain and deformation behavior. The follo-
wing are the final thoughts:

•	 As the diameter of the manganese pillars decrea-
sed, the deformation behavior stayed constant and followed 
the same pattern. We were unable to discover an active slip 
mechanism due to the randomly picked grains. 

•	 The stress-strain curves show that the flow stres-
ses were higher compared to other BCC metals at specific 
diameters in the literature. 

•	 The manganese pillars exhibited a less pronoun-
ced size effect, i.e. strength increased as pillar size decreased, 
resulting in a size effect exponent (n) of -0.14. 

•	  Furthermore, the manganese pillars demonstra-
ted strain hardening up to 10%, which increased as the pillar 
diameter decreased.   
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Figure 3. Typical stress-strain curves for compression tests conducted 
on Mn pillars 

Figure 4. The relationship between strain hardening rate and 
manganese pillar diameters under compression. 

Figure 5. Logarithmic plot of engineering stress (at 4% strain) vs 
pillar diameter for compression tested Mn micropillars. The blue line 
represents a linear fit to the Mn data.

Table 1. Data for the stress-size exponent, n, micro compression data 
with BCC metal pillars tested at ambient temperature. 

Material Pillar 
Orientation Active Slip System n Plastic Strain Ref.

Mn Random 
Orientations Unkonwn -0.14 4% This work

Fe [001] {101}<111> -0.58 4% (23)
Fe [110] {101}<111> -0.61 4% (45)
Fe [123] {101}<111> -0.63 4% (45)
V [001] {101}<111> -0.56 4% (23)

Nb [001] {101}<111> -0.58 4% (23)
Ta [001] {101}<111> -0.4 4% (44)
W [111] {101}<111> -0.23 4% (44)

Mo [111] {101}<111> -0.37 4% (44)
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