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1 Introduction 

The low temperature plastic deformation of magnetic body-centered cubic (bcc) 
metals a—Fe and Cr has received very little attention despite the fact that they 
are essential ingredients in dilute ferroalloys Fei-^Cr^, which are model materials 
for the development of ferritic/martensitic steels with applications in the design of 
fusion reactors [1]. The mechanisms governing the plastic deformation of bcc met­
als are very different from those of close-packed metals such as A l , Cu, or A u [2]. 
Yet, the plastic behavior of the latter metals is still used as a paradigm for the un­
derstanding the deformation behavior of all crystalline materials. The experiments 
required to elucidate the deformation mechanisms are extremely challenging as they 
require single crystals of considerable size and very high purity, whose preparation 
is complicated, especially those of cn-Fe. The preparation of iron single crystals is 
problematic due to the structural transition from the high-temperature ferritic body-
centered cubic phase to the austenitic face-centered cubic (fee) phase and again the 
low-temperature ferritic bcc phase, the latter of which remains stable to 0 K . The 
situation with Cr is very different. Large enough single crystals of high purity have 
been available commercially for many years. However, they often contain internal 
defects such as holes and voids. 

To the best of our knowledge, only two old experimental papers looking at some 
aspects of the low-temperature plastic behavior of pure Cr single crystals can be 
found in the literature [3,4]. Greiner [3] reported wavy slip traces in chromium 
deformed at room temperature and suggested that it is caused by the operation of 
multiple slip systems. He also asserts, that the deformation mechanism is similar to 
that of cn-Fe. Reid et al. [4] state that the slip is restricted to thin regions sheared 
by the {110}(111) systems below 130 K and confirms Greiner's observation of the 
wavy slip above 195 K , which is explained as alternating slip on planes belonging to 
the (111) zone. Furthermore, the twinning systems were found to be of the {112} 
type. 

The existing knowledge about the behavior of pure a-Fe owes much to detailed 
experiments by Aono et al. [5]. What a-Fe and Cr, together with other metals of 
groups 5 and 6, have in common is the non-closed-packed bcc structure in which 
the screw dislocations possess non-planar cores. Their movement under stress is 
very limited at low temperatures [6], which results in steel increase of the flow stress 
as the temperature is lowered. Unlike other bcc metals, Cr and a-iron are both 
metals with internal magnetic order, a-iron is a well-known ferromagnetic material. 
In contrast, the magnetic state of chromium is characterized by antiferromagnetic 
spin-density waves [7], which is a more complex magnetic state than that of other, 
simple antiferromagnets such as metal oxides MnO, FeO and NiO. The spin density 
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waves in chromium are incommensurate with the structural unit cell, whereby their 
wavelength is not an integer multiple of the lattice parameter. 

The properties of magnetic materials are commonly described by the hysteresis 
curve and parameters obtained from it. The hysteresis curve (or loop) is a graphical 
representation of the relationship of the magnetic flux density B (or magnetization 
M) and magnetizing field H. The hysteresis curves are often measured in the vi­
brating sample magnetometer by applying the magnetic field across the sample and 
measuring the magnetic moment induced in the specimen in the direction of the 
magnetizing field by vibrating the specimen near a set of measurement coils. 

The magnetic hysteresis arises in the material when an external magnetic field 
is applied and magnetic moments are aligned with the field. Upon removal of the 
magnetizing field, part of the magnetic order will remain. Once the material is 
magnetized, it will stay that way unless acted upon by external forces such as tem­
perature or magnetizing field applied in the opposite direction. The hysteresis curve 
is characterized by several parameters. The saturation magnetization in the positive 
direction Ms or in the negative direction — Ms are estimated simply as maximum 
value of magnetization in saturation1. The remanence, alternatively remanent mag­
netization, Mr is the magnetization that remains in the material when the external 
magnetic field is removed. In the hysteresis curve, this value is found at the in­
tersection of the vertical axis with the curve. Similarly, the magnetic coercivity, 
alternatively coercive field, Hc characterizes the ability of the material to retain 
its magnetization in demagnetizing fields. The value of coercivity is found at the 
intersection of the horizontal axis with the hysteresis loop. Magnetic materials are 
often characterized as magnetically soft or hard. Magnetically soft materials have 
typically very low coercivity, low remanence, and small area enclosed by the curve. 
Due the low remanence, the material will practically demagnetize after the mag­
netizing field is turned off and the hysteresis losses are very small. On the other 
hand, magnetically hard materials have high coercivity, high remanence, and large 
area of the hysteresis loop. They will retain a large part of magnetization after the 
magnetizing field is removed and, therefore, they are used as permanent magnets. 

The effects of the elastic deformation on the magnetic properties of materials 
have been known for a long time. The effect of residual stress, and generation of 
new pinning sites and their effect on magnetization curves were discussed in depth 
by Makar et al. [8]. They also argue that the residual stress left in the material after 
plastic deformation is not as important as the generation of new pinning sites, which 
arrest or hinder the movement of magnetic domains. They can be in the form of 
dislocations, dislocation clusters, interfaces (such as twin boundaries), or secondary 
phase particles [9]. The level of plastic deformation can be also correlated with the 
coercive field Hc. With increasing deformation, the coercive field increases in both 
single crystals and polycrystals. However, the initial value is larger in the case of 
polycrystals due to the presence of grain boundaries [10]. The effect of internal stress 
on magnetism and vice versa can be also explored by simulations and is often the only 
way to study magnetism at the smallest scales. Bienvenu et al. [11], for example, 

1 Saturation is reached when the increasing magnetizing field no longer increases the magnetiza­
tion. Microscopically this is achieved when all magnetic dipoles are aligned with the magnetizing 
field. 
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suggests that in chromium, the 1/2(111) dislocations shearing the crystal would 
produce magnetic faults. In order to remove this fault, another dislocation of the 
same type would have to be present, which creates a super-dislocation with the (111) 
Burgers vector. This theoretical prediction has, however, not been experimentally 
proven. 

1.1 Low-temperature plastic deformation of bcc 
metals 

The plastic deformation of bcc metals is governed by the motion of 1/2(111) screw 
dislocations [12]. Many atomistic simulations and Density Functional Theory (DFT) 
studies of bcc metals made in the past three decades have provided ample evidence 
that the cores of these dislocations are non-planar [13-15], which gives rise to phe­
nomena that do not occur in close-packed structures. 

A schematic representation of the spreading of the core of 1/2[111] screw dis­
location on three {110} planes in the zone of [111] slip direction is shown in Fig. 
1.1. Fig. 1.1(a) and 1.1(b) show by arrows the screw and edge component of the 
differential displacement maps, respectively. 
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Figure 1.1: (a) screw component of the core spreading of a 1/2 [111] screw dislocation. 
The arrows represent the relative displacement of a pair of atoms in the direction 
perpendicular to the plane of the figure, (b) edge component of the core spreading 
of 1/2[111] dislocation. The arrows here represent the relative displacement in the 
plane of the figure and are magnified lOx. The x i n ( a) represents the angular 
deviation of the maximum resolved shear stress plane to the (101) plane. 
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The differently colored atoms in Fig. 1.1 belong to the three successive (111) 
atomic layers. The magnitude of the arrows represent the relative displacement of 
the two atoms in the direction perpendicular to the figure's plane (Fig. 1.1(a)) or 
parallel (Fig. 1.1(b)). If the arrow in Fig. 1.1(b) points from one atom to another, 
it represents bond stretching. On the other hand, if the arrow does not point from 
one atom to another, the bond is partially rotated and stretched, as visualized in 
the bottom part of Fig. 1.1(b). Moreover, a vector sum of the edge components on 
any path encircling the center of the dislocation is zero, while vector sum of screw 
components along any such path is the Burgers vector of the dislocation. 

(a) 

Figure 1.2: Illustration of the deformation of the perfect bcc lattice (a) in the 
twinning sense (b) and in the antitwinning sense (c). 

The movement of the dislocation with the non-planar core cannot occur without 
the transformation of the core to a glissile configuration. The exact process of core 
transformation and movement is a subject of investigation [16]. Nonetheless, this 
process is thermally activated, which is why ductile-brittle transition is found in bcc 
metals2. Another remarkable feature of the bcc lattice is the twinning-ant it winning 
asymmetry of the shear stress parallel to the slip direction [17]. In practice, the 
twinning-antitwinning asymmetry is manifested by a relatively low resistance to 

2In practice, ductile-brittle transition is heavily influenced by the level of impurities in the 
material. 
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shearing the crystal on the {112} plane in the twinning direction and higher resis­
tance to shear in the opposite, antitwinning, direction [18]. This asymmetry has its 
origin in different atomic arrangements when shearing the crystal in the two oppo­
site directions [19]. Fig. 1.2 shows a schematic illustration of the bcc lattice sheared 
in the twinning and antitwinning sense. 

Fig. 1.2 shows different lattice deformations when shearing the crystal in [111] 
or [111] directions along a {112} plane. Fig. 1.2(a) is the initial bcc lattice at zero 
applied shear. Fig. 1.2(b) shows the structure generated by shear applied in the 
twinning sense, which results in a twinned structure. The remaining Fig. 1.2(c) 
shows deformation caused by the shear of the same magnitude applied in the an­
titwinning sense that results in a structure different from the twin. 

Using atomistic modeling, Ito and Vítek [20] found out that shear stress paral­
lel to the slip direction, referred to as critical resolved shear stress (CRSS) is not 
symmetric with respect to the change of sign of the angle x °f the maximum re­
solved shear stress plane (MRSSP, the plane in the zone of the slip direction with 
the largest resolved shear stress parallel to the slip direction). This is represented 
in Fig. 1.3. 
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Figure 1.3: Schematic representation twinning-anitwinning asymmetry (red) for 
shear stress applied in various MRSSPs (angle x) parallel to the slip direction. 
The black dashed curve follows the CRSS(0)/cosx relationship and represents a hy­
pothetical material without the twinning-antitwinning asymmetry. 

According to the Schmid law, the plastic deformation is initiated on the slip 
system for which the resolved shear stress parallel to the slip direction acting in this 
slip plane is the largest [21]. The relation between the uniaxial load represented by 
the stress a, the orientation of the applied load, and the Schmid stress r is: 

r = ma, (1.1) 

where m = cos x cos A is the Schmid factor. Here, x is the orientation of the MRSSP, 
as explained before, and A the angle between the loading axis and the slip direction. 
The CRSS and the Schmid stress are related by r = CRSS cosx. 

Due to the crystal symmetry, the angle x ranges from values from -30° to 30°, 
i.e. from (112) plane to (211) plane. Shearing the crystal in the (112) plane parallel 
to the [111] direction produces a twin shown in Fig. 1.2(b). However, applying the 
shear of the same magnitude but opposite direction, i.e. [I l l ] , does not produce a 
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twin; instead it results in the high-energy structure shown in Fig. 1.2(c). If one of 
the above {112} planes is sheared in the twinning sense, the other is sheared in the 
antitwinning sense and vice versa. Reversing the sense of shearing on the MRSSP 
thus swaps the character (twinning <->• antitwinning) on the neighboring {112} plane. 

Furthermore, due to the dislocation core being extended into three planes, the 
dislocation glide is affected by stresses not belonging to the slip plane. These stresses 
are called non-Schmid stresses [22]. The asymmetry of the CRSS with respect to 
the orientation of the MRSSP and its variation with the shear stresses parallel 
to the slip direction cause the breakdown of the Schmid law in bcc metals. The 
simulations also revealed that if the shear stress perpendicular to the slip plane of 
1/2[111] dislocation is high enough, the dislocation may glide on planes with lover 
resolved shear stress than the most highly stressed plane. This unusual behavior 
is referred to as anomalous slip. While the previously mentioned phenomena are 
prevalent in bcc metals at low temperatures, anomalous slip has been reported only 
in Mo, V , W, Nb, Ta [22-26]. This proves that this behavior is not connected only 
to crystallography but also to details of the atomic bonding. The effect of non-glide 
stresses also plays an important role in the tension-compression asymmetry [27], 
where tension and compression stress-strain curves for single crystals with the same 
loading axis differ significantly. The non-planar character of the dislocation also 
allows for easier cross-slip of the dislocation into a {110} plane with lower resolved 
shear stress parallel to the slip direction. For the above-mentioned reasons, it is clear 
that the prediction of plastic behavior from the yield criteria based on the Schmid 
law cannot effectively describe the onset of plastic deformation in bcc metals [28]. 
A more appropriate form was proposed by Qin and Bassani [29] and parameterized 
for Mo, W and Cr by Groger et al. [30,31]. and for a-Fe by Chen [28]. The yield 
criterion based solely on the Schmid law, in a simple way, would take the form of 
Eq. (1.2): 

7'Schmid — Tcr- (1-2) 

In this equation, T g c h m i d represents the Schmid stress acting in the slip system a 

and drives the dislocation in the glide plane. When it reaches the the critical value 
of stress on the slip system a, the dislocation glide will begin. This yield criterion 
doesn't account for non-glide stresses. The generalized version of (1.2) yield criterion 
takes the form: 

T = TSchmid + a l T l + «2T 2 + CJ3T3 < Tcr. (1.3) 

The three terms containing 0 1 , 0 2 and 03 represent the stresses that modify the 
structure of the dislocation core (so-called non-glide stresses). The term r f is the 
stress acting parallel to the slip direction but applied in a different {110} plane. This 
term introduces the twinning-antitwinning asymmetry of the critical resolved shear 
stress. The T% and T% are shear stresses perpendicular to the slip direction (they 
do not affect the Peach-Koehler force acting on the dislocation). The coefficients 
(ai, a 2 , a 3 and r*r) represent adjustable parameters determined by atomistic calcu­
lations [30]. The form (1.3) describes accurately the onset of plastic deformation 
in non-magnetic materials and magnetic materials (a-Fe [28]), where the changes 
of magnetism do not affect yielding. In general, the presence of internal magnetic 
order requires further generalization of the yield criterion described by (1.3). In the 
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case of bcc metals, only chromium and a-iron show internal magnetic order. We 
suggest that the extended form of the yield criterion for magnetic materials takes 
the form: 

r°* = r%chmid + a i ( M ) 7 f + a 2 ( M ) r « + a3(M)r? < T £ ( M ) , (1.4) 

where the M broadly represents the internal magnetic state of the material. These 
yield criteria are essential for the simulation of the behavior of the materials. Buch-
heit et al. [32] used the yield criterion published by Groger and Vítek [30] and 
implemented it to polycrystalline plasticity model. A single crystal yield criterion 
for chromium was recently developed by Groger and Vítek [31] based on atomistic 
modeling of isolated 1/2[111] screw dislocation. Generally, these yield criteria and 
fracture criteria are used extensively in applied research, and industry [33,34]. 
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2 Magnetic states of C r after plastic defor­
mation 

Magnetism in chromium single crystals was investigated by the means of vibrating 
sample magnetometry and neutron scattering. The results show that the single-Q 
state, where the magnetic ordering can be characterized by a single wavevector, 
can be prepared by the field cooling method described by Golovkin et al. [35], 
Werner et al. [36] and others [37-39]. The single-Q state can be characterized 
to a certain extent by measuring the magnetic susceptibility along the three (100) 
directions of which one is parallel to the wavevector and two perpendicular to it. 
The magnetic susceptibility, a measure of how easily a material can be magnetized 
in an external magnetic field, will be lower when measured parallel to the spins. 
Furthermore, in the single-Q state, the change of magnetic susceptibility across 
the spin-flip temperature T$F is readily observable. The preparation of the single-
Q state was also verified by the magnetic neutron scattering, which shows that a 
majority of specimens were in the single-Q state. However, less intense reflections 
corresponding to other spin density waves were observed. The presence of other 
SDWs, albeit much weaker in the intensity, suggests that the field cooling process 
did not fully transform the magnetic order in the specimen. The magnetic state of 
the field-cooled specimens that were predeformed at room temperature tend to favor 
the (1±<5, 0, 0) spin density wave. However, the magnetic state is largely inconsistent 
between the specimens. 

The magnetic neutron scattering of the specimens deformed at 77 K reveals that 
the magnetic state corresponds to the single-Q state described by the (0,1 ±5 ,0) 
SDW, which would be created by field cooling in the [010] direction. A l l three 
specimens deformed at 77 K were field-cooled in different (100) directions, and we 
would expect their initial state to be similar to the predeformed specimens. One 
could expect the final magnetic state after the plastic deformation at 77 K to be 
similar to the stress-cooled state, as elastic deformation precedes and is present 
during the plastic deformation. A l l of these assumptions are, however, wrong, as 
the final state is the perfect single-Q state. To the best of our knowledge, this 
behavior has not been reported in the literature, and unfortunately remains poorly 
understood. 

2.1 Prediction of magnetically dead regions in Cr 
We have made further magnetic neutron scattering experiments to test the hypothe­
sis of Bienvenu et al. [11], that the glide of the 1/2[111] screw dislocations on {110}, 
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{112} and {123} atomic planes creates magnetic faults. This is the result of the 
magnetic frustration, which is due to the fact that the 1/2[111] vector does not 
connect identical spins (is not the translation vector from the point of view of the 
magnetic structure). The fault region is characterized by a negligible magnitude 
of the atomic magnetic moment. Furthermore, a dislocation creating such mag­
netic fault would have to be followed by another dislocation of the same type to 
close the magnetic fault, making it effectively a superdislocation with (111) Burgers 
vector. We have simulated the expected magnetic neutron diffraction patterns by 
calculations based on the D F T results obtained by Bienvenu et al. [11]. The infi­
nite magnetic fault is shown Fig. 2.1, where antiferromagnetic order sets in away 
from the fault. Fig. 2.1(a) shows an infinite magnetic fault in chromium along the 
{110} plane, where the differently sized circles represent a different magnitude of 
magnetic moment. The touching circles have value of magnetic moment of 1.1//B, 
while the smallest ones have value of 0.2/xb- Similarly, Fig. 2.1(b) shows an infinite 
magnetic fault on the {112} plane, but in this case, the smallest circles represent a 
zero magnetic moment. 

(a) (b) 

• • o • • O f t l 
• • O 

M o • • omm 
I O « • • • o ,#•0 • • o f i 

Figure 2.1: Magnitude of the magnetic moments in an infinite magnetic fault in a 
form of differently sized circles. Magnetic fault on: (a) {110} plane, (b) {112} plane. 
The touching circles represent the magnetic moment of 1.1/^b, whereas the smallest 
circles represent valus of 0.2/xb and zero in (a) and (b), respectively. Figures adapted 
from Bienvenu et al. [11]. 

2.2 Simulated neutron diffraction patterns of mag­
netically dead regions 

The simulation assumes the spin direction along [010], which corresponds to the 
LSDW (Longitudinal Spin Density Wave) single-Q state characterized by the (0,1± 
5, 0) fundamental spin density wave. Therefore, the simulation describes the final 
magnetic state of the specimen deformed at 77 K. The simulation cell with the 
magnetic fault on the {110} comprises of 120 atoms, which is replicated 16 x 16 
x 2 times in the x, y, z direction, respectively. The total number of atoms is 61 
440 atoms. Similarly, the simulation of the magnetic fault on the {112} plane com­
prises also of 120 atoms replicated 20 x 20 x 2 times along the three axes. The 
total number of atoms is then 96 000. The atomic positions and the magnitudes 
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of magnetic moments were obtained from D F T simulation of Bienvenu et al. [11], 
kindly provided to us by E. Clouet. It is imperative to mention that both the D F T 
and the simulation of neutron diffraction patterns are calculated at 0 K, while the 
experimental data obtained at PSI are measured at higher temperatures. Although 
we compare the same SDW (Spin density wave) states, the temperature difference 
may play a role. Due to crystal symmetry, all {110} planes are equivalent. There­
fore, we have considered all these six {110} planes to simulate the magnetic neutron 
diffraction patterns from the faulted atomic block. The simulated magnetic neutron 
scatterings from the {110} planes are shown in Fig. 2.2. Similarly, twelve {112} 
planes exist in bcc crystals that are all crystalographically equivalent. The simula­
tions of magnetic neutron diffraction patterns were thus made by assuming that the 
magnetic fault may occur on all these planes. The simulated magnetic scattering 
patterns from {112} planes are shown in Fig. 2.3. 

Figure 2.2: Simulations of symmetry-related diffraction patterns for {110} magnetic 
fault. Spin direction is S = [010], wavevector of SDW Q = [010] (i.e. LSDW state). 
Magnetic fault on: (a) (011) plane, (b) (110) plane, (c) (101) plane, (d) (011) plane, 
(e) (110) plane, (f) (101) plane. 

Fig. 2.4(b) and 2.4(c) show superpositions of the neutron magnetic scattering of 
all {110} and {112} atomic planes, respectively, that were made with equal weights 
assigned to the individual diffractions from all {110} and {112} planes, as shown in 
Fig. 2.2 and 2.3, respectively. Fig. 2.4(a) shows the data from the neighborhood of 
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Figure 2.3: Simulation of symmetry-related diffraction patterns for {112} magnetic 
faults. Spin direction is S = [010], wavevector of SDW Q = [010] (i.e. LSDW state). 
Magnetic faults on: (a) (112) plane, (b) (121) plane, (c) (211) plane, (d) (112) plane, 
(e) (121) plane, (f) (211) plane, (g) (112) plane, (h) (121) plane, (i) (211) plane, (j) 
(112) plane, (k) (121) plane, (1) (211) plane. 
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(a) (b) (c) 

Figure 2.4: (a) Neighborhood of the [100] magnetic reflection obtained from neutron 
magnetic scattering. Visible reflections are [1,5,0] and [1,-5,0] on the top and 
bottom, respectively. Superposition of all simulated symmetry-related (b) {110} 
and (c) {112} magnetic diffraction patterns described in the text. Spin direction is 
S = [010], SDW wavevector Q = [010], i.e. LSDW state. 

[100] magnetic reflection that I have measured using magnetic neutron scattering at 
PSI at 10 K on the PSI 3 specimen. In this case, we used the so-called q-scans to 
resolve the reflections better. Q-scans are done with the ID detector and acquired 
as line scans in the reciprocal space. This measurement is comprised of seventeen 
line scans from 0.96H to 1.04H (H = [100]), each line spanning from -0.14K to 
0.UK (K = [010]) at L = 0 (L = [001]). The reflections in Fig. 2.4(a) belong to 
the [1, 8,0] and [1, —5, 0] on the top and bottom, respectively. 

It is evident that the simulated diffraction patterns do not agree with the ex­
perimental measurements. The reason can be that not all symmetry-related faults 
are present with the same probability in the studied volume. In this case, different 
weights would have to be assigned to the patterns in Fig. 2.2 and 2.3. However, it 
is not clear how these weights could be determined from experiments. The volume 
fraction of the magnetic faults to the remaining material would likely be very small 
and difficult, if not impossible, to measure. 

Furthermore, the T E M study of the anomalous slip in Cr deformed at 77 K did 
not present any evidence of superdislocations with (111) Burgers vectors as hypoth­
esized by Bienvenu et al. [11]. So far, we have not found any evidence that would 
support their conclusion, that deformed Cr single crystals contain magnetically dead 
regions separating dislocations with the same Burgers vectors. The stresses around 
the dislocation affect the magnetic ordering, but they do not seem to be large enough 
to produce magnetic faults as predicted in their paper. 
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3 Discussion 

3.1 Magnetic measurements on a-Fe 
The hysteresis curves measured by V S M on polycrystalline a-Fe showed, as antic­
ipated, that with more plastic deformation imposed on the material, the number 
of domain wall pinning sites increases. This effect is dominant when the probing 
magnetic field is parallel with the deformation axis and results in increasing slope of 
the hysteresis curve (larger susceptibility relative to unstressed specimens). When 
the direction of the probing field is perpendicular to the deformation axis, this effect 
is smaller and the slope of the hysteresis curve changes in the opposite direction 
(smaller susceptibility). Furthermore, if the step of the V S M measurement is fine 
enough, it is possible to observe the release of domain walls from the pinning sites. 

The Kerr microscopy revealed that magnetic domains in single-crystalline speci­
mens are larger compared to those in polycrystalline specimens. Interestingly, twins 
in the material create effective barriers for the domains in some cases, but they may 
also serve as nucleation sites for other magnetic domains. Lai et al. found that 
twins in NiMnGa shape memory alloy transfer the magnetic domains through the 
twins according to the rotation of crystal lattice in the twin [40]. On the other 
hand, if the twins are very thin (tens to low hundreds of nm), the magnetic domain 
can pass through the domain structure [41]. Nonetheless, the effects observed here 
might appear only near the surface, since the depth resolution of Kerr microscopy is 
approximately 50 nm [42]. Bozorth [43] states that the maze-like domain structure 
is characteristic of a deformed material and the tree-like domain structure is char­
acteristic of an undeformed material. Nonetheless, both specimens were strained, 
but at different temperatures and to different amounts. Fe-mono-1 specimen was 
strained at RT to approx. 6% and Fe-mono-2 specimen was prestrained to 1.7% at 
RT and subsequently deformed at 77 K to further 2.5%. The results may indicate, 
that low-temperature slip have larger effect on magnetic domains than slip at RT. 

3.2 Compression tests on Cr 

The mechanism of low-temperature plastic deformation of UHV-annealed high-
purity Cr single crystals depends on the orientation of the applied load as well as 
on whether the sample was predeformed at room temperature, thus creating mobile 
dislocation network. The samples compressed close to the [001] direction exhibit ho­
mogeneous slip on slip systems with the highest Schmid factors. In this region, pre-
deformation does not alter the mechanism of plastic deformation. Similar behavior 
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is observed for the specimen 7* predeformed at room temperature and subsequently 
compressed at 77 K in the center-triangle direction closer to the [001]-[011] edge. 
However, specimen 3, which was not predeformed at room temperature, exhibited a 
combination of composite slip and twinning. The specimen 4* deformed in the di­
rection corresponding to the center of the stereographic triangle showed anomalous 
slip on the (Oil) plane. For loading directions close to the [Oil]-[111] edge of the 
stereographic triangle, the specimens deformed predominantly by twinning on the 
(112}(111) systems, irrespective of whether or not they were predeformed at room 
temperature. The specimens that fractured by cleavage also exhibited the forma­
tion of twins on {112} planes sheared in the antitwinning sense. The intersections 
of twins were found to lead to the nucleation of cracks and subsequent failure by 
cleavage. Our results agree with Marcinkovsky and Lipsitt [44], who state that twins 
in chromium are of the {112}(111) type. Sameljuk et al. [45] states that cleavage is 
along {100} planes and delamination occurs along {112}, which is also in agreement 
with our observations. 

The anomalous slip in the samples compressed in the direction corresponding 
to the center of the stereographic triangle was further reconciled using bright-field 
S T E M imaging in the [Oil] zone combined with the g • b analysis in six different 
diffraction conditions. They reveal the presence of intersecting 1/2(111) screw dislo­
cations. The stability of this junction at high stresses and low temperatures was fur­
ther investigated by molecular statics simulations employing the recently developed 
BOP for Cr in the non-magnetic state. This state-of-the-art model that treats Cr 
as non-magnetic metal is applicable to the triple-Q state of our samples. It contains 
a large number of magnetic domains with all three (100) orientations of the SDW 
wavevector Q, which results in magnetically isotropic state above a certain length 
scale corresponding to the size of magnetic domains. The atomistic simulations 
show that the intersecting 1/2[111] and 1/2[111] screw dislocations spontaneously 
form the [100] screw junction, as expected from linear elasticity. More importantly, 
the application of external load in the [238] center-triangle direction shows that 
this junction remains stable up to very high stresses, where the stored energy is 
relaxed by moving the dislocation network on the common (011) plane. A different 
slip p;ane is predicted from atomistic simulations on single dislocations, an thus 
the simulations of dislocation junctions are necessary to understand the mechanism 
of anomalous slip. Instead, interactions between dislocations play an essential role 
and lead to the formation of strong (100) junctions that cannot be easily broken by 
the external load. Our results thus provide evidence that the anomalous slip in Cr 
is governed by the co-planar double slip model proposed originally by Matsui and 
Kimura [46]. 

Similar experimental results were reported by Hsiung et al [47]. in molybdenum 
at room temperature with the high strain rate of 1 s _ 1 or by Louchet and Kubin [48] 
in niobium at 50 K. According to the literature, anomalous slip takes place only in 
pure metals and is suppressed by impurities. Bressers and Creten [24] investigated 
anomalous slip in vanadium single crystals with different levels of oxygen content 
(from 24 to 810 at. ppm). Their results shown that the morphology of surface 
markings belonging to anomalous slip change from finely distributed to coarse and 
more separated surface markings. 
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3.3 Compression tests on a-Fe 
The analysis of compression tests on the polycrystalline specimens with large grains 
reveals that the primary deformation mechanism at 77 K is twinning regardless of the 
orientation of the loading axis. Apart from S E M and EBSD analysis, the twinning 
is also evident from the stress-strain curve that displays many load drops caused 
by the nucleation of twins. No slip markings were observed in the polycrystalline 
specimens, that were deformed at 77 K with or without predeformation at room 
temperature. 

Furthermore, all the analyzed twins were produced by twinning shear, even 
though, in many cases, the Schmid factor was larger for twinning systems sheared 
in the antitwinning shear. The reason for their non-existence is attributed to a large 
O'AT/O'T ratio that favors twin formation on the {112} planes subjected to twinning 
shear. No twins were observed to form on {112} planes sheared in the antitwin­
ning sense. We have, however, found one (321)[111] lamella sheared in the twinning 
sense. 

The compression tests on the single-crystalline specimens did not reveal any slip 
traces on the surface, which suggests that the specimens deformed by homogeneous 
slip. This behavior is, however, different from what Aono et al. [5] reported on 
approx. 1 mm single crystals in compression. He reported a combination of cleav­
age and twinning, while our results suggest homogeneous slip. We attribute this 
difference to different purity of tested specimens. Allen et al. [49] reported macro­
scopic slip on (312) [111] and (101) [111] systems in tension at 77 K . Altshuler and 
Christian [50] report compression tests at 77 K in both polycrystalline and single-
crystalline specimens. In case of polycrystalline specimens with the mean grain 
diameter of 0.013 mm, they report the yield stress of approximately 690 MPa. This 
is in disagreement with yield stress measured on our specimen, which is approx. 
140 MPa. This discrepancy can be at least partially explained by their less pure 
material (194 wt. ppm of impurities in their specimen vs 66 wt. ppm in our spec­
imen), smaller grain size and slightly faster strain rate, which would cause larger 
yield stress. Furthermore, the reported stress-strain curves of their polycrystalline 
specimen do not show load drops associated with twinning. The loading axis of their 
single crystal specimens was [149], which is approx. 2.5° from [4 11 26] loading axis 
of our single crystal specimens. Single crystals reported in our work are also more 
pure than those used by Altshuler and Christian. Nevertheless, the reported yield 
stress of 50 MPa is almost identical for specimen deformed at RT. However, their 
specimen shows some strain hardening, whereas ours show almost continual room 
temperature creep. Comparing the specimens tested at 77 K, Altshuler and Chris­
tian report yield stress of approx. 540 MPa, whereas the yield stress of our specimen 
was approx. 460 MPa. This discrepancy can be again explained by chemical purity 
of the specimens, prestrain of our specimens at RT, and about twice slower strain 
rate used in our experiments. 
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4 Summary and future work 

Following are the main achievements of this work that were discussed in detail in 
the previous chapters. 

• Anomalous slip in chromium single crystals was demonstrated for the first 
time. The presence of (100) dislocation junctions was proven by the g • b 
analysis on micrographs acquired in T E M . Furthermore, the anomalous slip in 
Cr is confirmed by atomistic simulations done in our group, which show that 
it is governed by the co-planar double slip process of Matsui & Kimura [51] 
and Louchet & Kubin [48]. 

• The reason for the presence or absence of twins created by antitwinning shear 
in chromium and a-iron was elucidated. The presence of twins created by an­
titwinning shear depends on the ratio of stresses necessary to create multi-layer 
stacking faults in the antitwinning and twinning direction by uniform shear. 
This ratio is approximately twice as large for a-Fe compared to chromium, 
which explains why twins in a-Fe only form by the twinning shear. 

• Misoriented lamellae on {123} planes were observed in a-iron. However, these 
are scarce due to higher stresses necessary to move dislocations on {123} planes 
compared to dislocations on {112} planes. Nonetheless, according to calcu­
lations, shear stress required to nucleate these faults on {123} planes by the 
twinning shear is smaller compared to the shear stress necessary to create a 
{112} twin by antitwinning shear. 

• Plastic deformation of Cr single crystals at 77 K promotes a single-Q state with 
the spin density wave along closest (100) crystal direction. This phenomenon 
has not been reported in the literature so far. 

• Our neutron diffraction results do not support the conclusion of Beinvenu et 
al. [11], that dislocations in chromium give rise to magnetic faults. However, 
neutron diffraction is a statistical method and thus magnetic faults may not be 
found in the interaction volume with sufficient density to be revealed in diffrac­
tion patterns. So far, we have not found any evidence that would support their 
hypothesis. 

• Based on results presented in this thesis, the effect of internal magnetic order 
of Cr and a-Fe seems to have little effect on their deformation properties 
within the first 5% of their plastic deformation. The only result that would 
support the opposite is the inexplicable increase of the yield stress of chromium 
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specimen that had the spin density wave wavevector oriented close to the 
loading axis. On the other hand, the effect of plastic deformation on internal 
magnetic structure of Cr and a-Fe is severe. 

Different propensity to twin formation and its non-existence when the shear is 
applied in the antitwinning sense is sometimes regarded as a consequence of different 
elastic anisotropy. The Zener's anisotropy ratio of a-Fe at room temperature is 
approx. 2.4 [52], whereas that for alkali metals L i , Na and K are 8.8, 8.2 and 6.4 
respectively [53-55]. Both a-Fe and alkali metals exhibit large anisotropy, while 
other bcc metals show rather small values of Zener's ratio. In particular, Cr, Ta, W, 
Mo, Nb and V have Zener's ratio of 0.69, 1.58, 1.00, 0.81, 0.51 and 0.79, respectively 
[56-58]. The anisotropy indices seem to correlate with (JAT/<?T ratios computed in 
Ref. [59]. However, twinning is governed by the glide of twin boundary dislocations, 
whose cores are not described by elasticity. From this point of view, anisotropic 
elasticity cannot govern the glide of these dislocations, albeit it may somewhat 
affect this mechanism. 

This work suggests that magnetic ordering does not play a major role in the 
twinning of bcc metals. Future research should focus on elucidating the deformation 
mechanisms of alkali metals, since the 5th and 6th group bcc metals and iron have 
been studied quite extensively. The lack of data on alkali metals stem from their high 
reactivity and thus difficult handling and testing. The only recent study on alkali 
metals was published by Sedlatschek et al. [60] who studied L i in tension, but did not 
focus on operative slip systems. Despite the nucleation and growth of twins in bcc 
metals have been simulated a number of times, in-situ experimental studies of twin 
formation is still lacking. In particular, it is still unclear how twin embryos originate. 
Future research could also focus on Fe-Cr alloys and their properties, which are one 
of the candidate materials considered for the design of fusion reactors [61,62]. 
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Abstract 

While plastic deformation of body-centered cubic (bcc) metals at low temperatures 
is now well understood, the effect of internal magnetic order on mechanical proper­
ties and the effect of plastic deformation of internal magnetic order remain largely 
unexplained. The aim of this thesis is to elucidate the low-temperature plastic de­
formation of a-iron and chromium with focus on magnetism. It is investigated by 
slip-trace analysis of deformed specimens, electron backscattered diffraction, and 
transmission electron microscopy (TEM) where necessary. The internal magnetic 
order in chromium is explored by means of magnetic neutron diffraction at SINQ 
facility of the Paul Scherrer Institute in Switzerland. The vibrating sample magne­
tometry is utilized to look for changes in mass susceptibility in order to discriminate 
between different magnetic states. The anomalous slip was found in a deformed 
chromium specimen for the first time. The dislocation network responsible for the 
anomalous slip is characterized by the g • b analysis in T E M , where a network of 
1/2(111) intersecting screw dislocations and their (100) junctions were observed to 
form on low-stressed {110} planes. Furthermore, twins produced by antitwinning 
shear were found in chromium, but not in cn-Fe. This phenomenon is explained 
using atomistic simulations employing semi-empirical interatomic potentials. The 
magnetism in a-iron is studied by the vibrating sample magnetometry and the re­
sults are reconciled using the Jiles-Atherton model. The magnetic domains in a-Fe 
were imaged by the Kerr microscopy and the results show that twins can effectively 
block the movement of domain walls and nucleate new ones. 
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