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Influence of dislocation density on the dynamic yield strength
of irradiated metals with giant magnetostriction
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Slip of an ensemble of edge dislocations in an irradiated ferromagnet with giant magnetostriction under high-
energy external impacts is analyzed within the theory of dynamic interaction of defects. An analytical expression
for the dependence of dynamic yield strength of an irradiated ferromagnet on dislocation density is obtained. This
dependence is non-monotonic and may feature a minimum and a maximum. The minimum forms in the transition
from dominant dynamic drag of dislocations by point defects to the dominance of drag by other dislocations (Taylor
hardening). The maximum is found at a density of dislocations under which their contribution to the formation of
a spectral gap exceeds the contribution of the magnetoelastic interaction with the magnetic subsystem.
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1. Introduction

Materials with giant magnetostriction are used widely
in, e.g, microelectromechanical systems [1,2]. At low
temperatures, Tb, Dy, Ho, Er, and iron garnets of these
metals (e.g, Tb3FesO;,) feature giant magnetostriction.
Their magnetostriction is 2—3 orders of magnitude higher
than that of alloys and ferrites of the Fe group [3].
At room temperatures, ferrimagnetic compounds DyFe,,
TbFe,, HoFe,, and DyFe; feature giant magnetostriction.
An alloy based on iron and cobalt [4] is also characterized
by giant magnetostriction.

Since the materials used in microsystems engineering
combine microelectronic and micromechanical elements, the
mechanical properties of such materials are crucial. When
materials of this kind are irradiated, the formation of a large
number of radiation-induced defects (vacancies, interstitial
atoms, dislocation loops), which have a significant effect
on their mechanical properties, is observed [5-7]. High
strain rate deformation of these materials is initiated under
high-energy impacts [8-13]. The shaping of mechanical
properties in such conditions has several specific features.
The contribution of dislocation loops to the dynamic
yield strength of irradiated metals and alloys with giant
magnetostriction under high strain rate deformation was
examined in [14]. The effect of giant magnetostriction
on the dependence of dynamic yield strength on impurity
concentration was analyzed in [15]. The dependence of
dynamic yield strength of irradiated materials on concen-
tration of point radiation-induced defects in a non-magnetic
crystal was studied in [16]. The present study is focused
on the dependence of dynamic yield strength of irradiated

ferromagnets with giant magnetostriction on dislocation
density under high strain rate deformation.

The evolution of a dislocation ensemble may be char-
acterized theoretically with the use of kinetic equations
for dislocation density [17-20]. This approach is fairly
efficient and provided an opportunity to interpret a vast
array of experimental data in the field of quasi-static
deformation. The theory of dynamic interaction od defects
(DID) developed in our earlier studies [21-26] turns out to
be useful in certain analyses of high strain rate deformation
(10°-10°s71).

2. Analysis of high strain rate
deformation within the DID theory

The DID theory is less general in nature than a system of
equations [17-20], but provides an adequate description of
the dissipation mechanism in rapid slip of dislocations and
collective dynamic effects. This theory explains qualitatively
a number of experimental dependences obtained in the
study of high strain rate deformation of metals and alloys.
Specifically, it provided a description of linear [27,28],
root [28,29], and N-shaped [24,28,30] dependences of this
limit on dopant concentration, the non-monotonic rate de-
pendence with a maximum [25,31], and the non-monotonic
dependence on dislocation density with a maximum [26,32]
and a minimum [21,33].

The DID theory is a modified version of the
Granato—Liucke theory. Each dislocation in an ensemble
is regarded as an elastic string with effective tension and
effective mass. These dislocations undergo over-barrier
slip in the elastic field of structural defects. The main
mechanism of dissipation is the excitation of dislocation
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oscillations as a result of interaction of a dislocation with
structural defects.

The efficiency of this dissipation mechanism depends
on the nature of the dislocation oscillation spectrum (in
particular, by the presence of a gap in it). The presence
of a gap implies that a dislocation oscillates in a potential
well moving through the crystal along with the dislocation.
Such a well may form as a result of interaction of a moving
dislocation with point defects and other dislocations in an
ensemble or of magnetoelastic interaction with the magnetic
subsystem of a crystal. The dislocation oscillation spectrum
with gap A takes the form

®*(gz) = c’az + A%, (1)

According to the DID theory, the dynamic interaction of
point defects with a dislocation may assume, depending
on the dislocation slip rate [23], a collective nature or the
form of independent collisions. Let us denote the time
of interaction between a dislocation and an impurity atom
as Tgef = R/v, where R is the defect radius. The time
of perturbation propagation along the dislocation over a
distance on the order of the mean distance between defects
is denoted as 7y =1/Cc. In the region of independent
collisions v > vo = RAget, inequality 7ger < 7pr is fulfilled
(i.e., a dislocation element is not affected by other defects
during its interaction with a point defect). A gap does not
form in the dislocation oscillation spectrum in this region.
In the region of collective interaction (v < 1), the reverse
inequality is fulfilled: 7get > 7yr; i€, when a dislocation
interacts with a point defect, this dislocation element ,,feels
the influence of other defects that caused a dislocation shape
perturbation. A gap emerges in the dislocation oscillation
spectrum in this region. This gap is characterized by the
following expression [28]:

Cc
A= Ad = B (ndX2)1/4. (2)
At a sufficiently high density of dislocations, it is their
collective interaction with each dislocation that produces
the main contribution to gap formation in the dislocation
spectrum. The dislocation density level needed for this is

P > pPo, Where
Vnax?
Po = b2 (3)
Here, nq is the dimensionless concentration of atoms of
the second component and yx is the parameter of their
dimensional mismatch. The spectral gap is then given

by [21]

M M
A=Ags=by/—~cCcyp; M=—r——, 4
dis m VP 27(1 —y) 4
where y is the Poisson’s ratio and u is the shear modulus.
The primary contribution to the formation of a spectral
gap in crystals with giant magnetostriction may be produced
by the magnetoelastic interaction of a dislocation with the
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magnetic subsystem of a crystal [14,15]. According to [14],
the following expression characterizes the contribution of
the magnetoelastic interaction to the formation of a gap in
the oscillation spectrum of a dislocation:

M7 16mme2 g

(5)

Here, By = AMy, My is the saturation magnetization, A1 is
the magnetoelastic interaction constant, wm = gMy, g is
a phenomenological constant equal in order of magnitude
to the gyromagnetic ratio of an electron, 0. is the Curie
temperature, and &y and Cg are parameters of the magnonic
spectrum.

A magnonic draging force induced by the magnetoelastic
interaction acts on a moving dislocation in a ferromagnetic
crystal. This force was analyzed in [34-36]. It was demon-
strated in [34] that the magnonic draging force is most
pronounced at temperature T < 100 K. At this temperature,
this force exceeds the phonon drag. Gadolinium with Curie
temperature T, = 29K is examined here as an example
of a ferromagnet with giant magnetostriction. This metal
retains magnetic ordering even at room temperature, when
the influence of magnonic drag may be neglected.

The force of dynamic drag of a dislocation by structural
defects is calculated in the second-order perturbation theory.
The transverse oscillations of a dislocation in the slip
plane are considered to be weak and are characterized by
function sy (z, t):

B 00xy B 00xy
N PV
where G is the Green’s function of the dislocation motion

equation. The Fourier transform of this function takes the
form

1 B
Glw,q) = 5= =—. 7
(@, q) w? +iBw — c2g? b m (7)
Symbol (. ..) denotes averaging over a chaotic distribution

of defects and over the dislocation length

1 N dl'i
(f(ri)) =+ [ dz Fri)one (8)

where V is the volume of a crystal, N is the number of
defects in it, and L is the dislocation length. When averaging
is performed in accordance with the standard procedure,
number of defects N and crystal volume V tend to infinity,
while their ratio remains constant and equal to the mean
concentration of defects.

Within the DID theory, the contribution of various
structural defects to the dynamic yield strength may be
expressed as

nb

T =
872m

/ o] - ol (@ P5(v? - 0?(@2).  (9)

where w(q;) is the spectrum of dislocation oscillations, n is
the volume concentration of structural defects, and oxy(q) is
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the Fourier transform of the corresponding component of
the stress tensor produced by a defect.

It was demonstrated in [37] that the contributions of va-
rious structural defects (in the present case, point defects 7y
and dislocation loops 71.) and Taylor hardening 7r need to
be summed in order to calculate the crystal yield strength:

T =14+ 7+ 7T (10)

3. Formulation of the problem, solution,
analysis of results

Let us consider the over-barrier slip of infinite edge dis-
locations under the influence of constant external stress 0')?y
in planes parallel to XOZ at a constant rate in an irradiated
ferromagnetic crystal with magnetic anisotropy of the ,.easy
axis“ type (Figure 1). The easy axis is parallel to axis
OY, and magnetization and the magnetic field are aligned
with the positive direction of this axis. The crystal features
giant magnetostriction and contains point radiation-induced
defects and prismatic dislocation loops. The planes of these
loops are parallel to the slip plane of dislocations, and their
centers are distributed randomly. Let us assume that all
dislocation loops have radius R and identical Burgers vectors
by = (0, by, 0) parallel to the OY axis.

The dislocation lines are parallel to axis OZ, and their
Burgers vectors are parallel to axis OX. The position of a
dislocation is given by

Si(z,t) = sx(z,t) + vt. (11)

Here, function sx(z, t) characterizes dislocation oscillations
in the slip plane. =~ When averaged over the random
distribution of structural defects and the dislocation length,
its value is zero.

The equation of dislocation motion takes the form

2 2

m{%—czg} =by [0} +05+00°+0g] —B%.
(12)
Here, m is the mass of a unit dislocation length, C is
the speed of sound in metal, b is the modulus of the
Burgers dislocation vector, 038, is the component of the
stress tensor produced on the line of a moving dislocation
by point radiation-induced defects, oggi,s is the component
of the stress tensor produced at the same spot by other
dislocations moving in their slip planes, 0'><Ly characterizes
the stresses produced by prismatic dislocation loops, and

B is a constant characterizing phonon drag.

The primary dissipation mechanism is the irreversible
conversion of energy of external impacts into the energy
of transverse oscillations of a dislocation in the slip plane.
This mechanism was investigated theoretically in [38], where
over-barrier dislocation motion in the field of point defects
was analyzed. It was demonstrated in this study that
the amplitude of dislocation oscillations may be several
orders of magnitude higher than the amplitude of thermal
oscillations.
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Figure 1. Diagram of dislocation motion in an irradiated
ferromagnet
3k N4
)
o
S2F
~ n3
o
n
L 12
"1
0 L 1 L 1 L 1 L Il L 1
0 5 10 15 20 25

P, 1014 m=2

Figure 2. Dependences of the dynamic yield strength of an
irradiated ferromagnet with giant magnetostriction on dislocation
density corresponding to different values of dislocation loop
concentration (N4 > N3 > N > Nep).

The contribution of point radiation-induced defects is
calculated using formula (9). The contributions of the
following interactions to gap formation are taken into
account in calculations: interactions of a dislocation with
point defects, other dislocations, and the magnetoelastic
system. The obtained result takes the form

K

g=———. 13
p(p +pd+pm) (13)
Here,
2; 2
_pne’e o x/Ma A
K - b3C ) Pd = b2 5 Pm = F (14)

The force of dynamic dislocation drag by prismatic
dislocation loops was analyzed in detail in [22,39,40].
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When calculating the contribution of dislocation loops, we
limit ourselves to the rates at which the dynamic drag
of dislocations by these loops has the nature of Coulomb
friction (i.e., does not depend on the dislocation slip rate).
In the present study, this rate domain is specified by
inequality

Let us obtain numerical estimates for gadolinium with
giant magnetostriction. According to the results of [14,15],
gadolinium has Ay = 0.5-102s—1. Atb=3.6-10""9m,
p=10°m=2 n.=10"% x=10"1, and c =3-10° mJs,
the critical rate is & = 108s~ L.

Having performed the necessary calculations, we obtain
the following expression for the contribution of dislocation

loops:
D

=
VP + pd + Pm
Here, ni is the volume concentration of dislocation loops.

Term 77 is proportional to the square root of dislocation
density

D = un bR. (16)

71 = aub,/p. (17)

Here, « is a dimensionless coefficient on the order of unity.
Inserting the obtained expressions into formula (10), we
find that the dependence of the dynamic yield strength of an
irradiated ferromagnet with giant magnetostriction is non-
monotonic and may have a minimum and maximum. The
obtained dependence is plotted in Figure 2.
This dependence has a maximum at dislocation density

values 210
BM wm Gc
=———In—. 18
Pmax 167102”10% n 0 ( )

The position of its minimum is given by

Ngx2ec 23
Pmin = <M> . (19)

Both extrema may be observed at ng = 102m™3,
Ng = 1074, &£ = 107 s~!, and the dislocation density varying
from 10" m~2 to 10 m~2. With these values, we obtain
Pmin = 103 -10"m~2 and ppax = 105 m—2.

4. Conclusion

The obtained result verifies the conclusions of the DID
theory regarding the emergence of extrema: the minimum
yield strength is observed when the dominant contribution
to the overall drag of dislocations switches from one defect
type to another, and the maximum is found when the
dominant contribution to the formation of a spectral gap
changes.

In the present study, the minimum is manifested in
transition from the dominance of dynamic dislocation drag
by point defects to the dominance of drag by other
dislocations (Taylor hardening).  The position of the
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maximum corresponds to the transition from the dominant
contribution of magnetoelastic interaction to gap formation
to the dominance of collective interaction of dislocations.

A non-monotonic dependence of the dynamic yield
strength on dislocation density with a minimum and a
maximum may form during high strain rate deformation of
aged alloys [41]; however, in an irradiated ferromagnet, the
specific shape of this dependence, the positions of extrema,
and the domain of applicability of the obtained results are
all set by the magnetic characteristics of a crystal (primarily
the magnetostriction constant).

The presented results may help analyze the mechanical
properties of irradiated ferromagnetic crystals under high
strain rate deformation.

Conflict of interest

The author declares that he has no conflict of interest.

References

[1] Y. He, Y. Han, P. Stamenov, B. Kundys, JM.D. Coey, C. Jiang,
X. Huibin. Nature 556, E5 (2018).

[2] X. Li, X. Bao, Y. Xin, X. Gao. Scr. Mater. 147, 64 (2018).

[3] K.P. Belov, G.I. Kataev, R.Z. Levitin, S.A. Nikitin, V.I. Sokolov.
Sov. Phys. Usp. 26, 518 (1983).

[4] D. Hunter, W. Osborn, K. Wang, N. Kazantseva, J. Hattrick-
Simpers, R. Suchoski, R. Takahashi, M.L. Young, A. Mehta,
L.A. Bendersky, S.E. Lofland, M. Wuttig, I. Takeuchi. Nature
Commun. 2, 1, (2011).

[5] R.G. Abernethy, J.SK.-L. Gibson, A. Giannattasio, J.D. Mur-
phy, O. Wouters, S. Bradnam, L.W. Packer, M.R. Gilbert,
M. Klimenkov, M. Rieth, H.-C. Schneider, C.D. Hardie,
S.G. Roberts, D.E.J. Armstrong. J. Nucl. Mater. 527, 151799
(2019).

[6] M. Griffiths. Materials 14, 10, 2622 (2021).

[7] LV. Al'tovskii. Vopr. At. Nauki Tekh., Ser.: Termoyad. Sint. 2,
3 (2004). (in Russian).

[8] A. Singla, A. Ray. Phys. Rev. B 105, 064102 (2022).

[9] H. Fan, Q. Wang, JA. El-Awady. Nature Commun. 12, 1845
(2021).

[10] D. Batani. Europhys. Lett. 114, 65001 (2016).

[11] AS. Savinykh, G.I. Kanel, G.V. Garkushin, S.V. Razorenov.
J. Appl. Phys. 128, 025902 (2020).

[12] G.L Kanel, AS. Savinykh, G.V. Garkushin, S.V. Razorenov.
J. Appl. Phys. 127, 035901 (2020).

[13] S.V. Razorenov. Matter Rad. Extremes 3, 145 (2018).

[14] V.V. Malashenko. Tech. Phys. Lett. 38, 898 (2012).

[15] V.V. Malashenko. Phys. Solid State 64, 2300 (2022).

[16] V.V. Malashenko, TI. Malashenko. Fiz. Tekh. Vys. Davlenii
33, 110 (2023). (in Russian).

[17] G.A. Malygin. Phys. Usp. 42, 887 (1999).

[18] G.A. Malygin, B.I. Levandovskii, R.B. Timashov, VM. Kry-
mov, VI Nikolaev. Tech. Phys. Lett. 46, 677 (2020).

[19] G.A. Malygin, VI. Nikolaev, VM. Krymov, A.V. Soldatov.
Tech. Phys. Lett. 46, 260 (2020).

[20] G.A. Malygin. Tech. Phys. 66, 630 (2021).

[21] V.V. Malashenko. Phys. Solid State 64, 1016 (2022).

[22] V.V. Malashenko. Physica B: Phys. Condens. Mater. 404, 3890
(2009).



1350

V.V. Malashenko

VN. Varyukhin, V.V. Malashenko. Bull. Russ. Acad. Sci:
Phys. 82, 9, 1101 (2018).

V.V. Malashenko. Phys. Solid State 61, 1800 (2019).

V.V. Malashenko. Phys. Solid State 63, 1462 (2021).

V.V. Malashenko. Phys. Solid State 62, 1886 (2020).

I. Charit, CS. Seok, K.L. Murty. J. Nucl. Mater. 361, 262
(2007).

V.V. Malashenko. Tech. Phys. Lett. 46, 925 (2020).

JR. Asay, G.R. Fowles, G.E. Durall, M.H. Miles, R.F. Tinder.
J. Appl. Phys. 43, 2132 (1972).

D.G. Morris, M.A. Munoz-Morris, L.M. Requejo. Mater. Sci.
Eng. A 460, 163 (2007).

J. Xing, L. Hou, H. Du, B. Liu , Y. Wei. Materials 12, 3426
(2019).

J. Syarif, K. Nakashima, T. Tsuchiyama, S. Takaki. Mater. Sci.
91, 790 (2005).

H. Fan, Q. Wang, J. A. El-Awady, D. Raabe, M. Zaiser. Nature
Commun. 12, 1845 (2021).

V.G. Bar’yakhtar, E.I. Druinskii J. Exp. Theor. Phys. 45, 114
(1977).

V.G. Bar’yakhtar, V.V. Tarasenko. Fiz. Tverd. Tela 22, 431
(1980). (in Russian).

V.V. Gann, AL Zhukov. Fiz. Tverd. Tela 20, 409 (1978). (in
Russian).

LK. Aagesen, J. Miao, JE. Allison, S. Aubry, A. Arsenlis.
Metallurg. Mater. Transact. A 49A, 1908 (2018).

G.A. Levacheva, E.A. Manykin, P.P. Poluektov. Fiz. Tverd.
Tela 27, (1985). (in Russian).

V.V. Malashenko. Phys. Solid State 50, 1862 (2008).

V.V. Malashenko. Phys. Solid State 53, 2321 (2011).

V.V. Malashenko. Phys. Solid State 65, 1319 (2023).

Translated by D.Safin

Physics of the Solid State, 2024, Vol. 66, No. 8



