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Abstract. The development and success of the physical science of strength and plasticity allow the main aspects of dislocation physics to be proposed.
This work considers the current state of this issue as part of a multilevel approach: patterns of dislocation accumulation in a material after deformation
with various degrees. The main mechanism of hardening of a metal polycrystal is the accumulation of dislocations in its grains, while the main
hardening parameter is the mean scalar density of dislocations. The scalar density of dislocations is divided into the following components: the
density of statistically stored (p,); and the density of geometrically necessary (p,) dislocations. The transmission diffraction electron microscopy
(TEM) is used to study the stages of dislocation substructure (DSS) types development in Cu—Mn alloys depending on the concentration of an
alloying element during active plastic deformation. Polycrystal alloys are studied in a wide concentration range: from 0.4 to 25 % Mn (at.). A number
of dislocation substructure parameters are measured using electron microscope images: mean scalar density of dislocations <p>; density of statistically
stored (py) and geometrically necessary (p,;) dislocations; curvature-torsion of the crystal lattice (x); density of microstrips (Psm.p); and density
of broken sub-boundaries (M, ). A sequence of transformations of the DSS types with an increase in the deformation degree and amount of the
second element to form the substructure type and parameters was established. The influence of the second element and grain size on the mean scalar
density of dislocations and its components was experimentally determined. The presence of disorientations in the substructure during deformation is
based on the measurement of these parameters using the TEM.
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AHHomayus. Pa3Burue u ycriexu pU3HIecKoil HayKH O TPOYHOCTH H ITTACTUYHOCTH MO3BOJISIIOT C(HOPMYIHPOBATH OCHOBHBIE ACHIEKThI AUCIOKAHOHHOM
¢dusukn. B HacTosiel paboTe paccMOTPEHO COBPEMEHHOE COCTOSHHME TOTO BONPOCA B paMKaxX MHOTOYPOBHEBOTO IMOJXOJA: 3aKOHOMEPHOCTH
HAKOIUICHUSI IUCIIOKAIMI B Marepualie nocie aehopMaiui ¢ pa3inuHbIMU cTerneHsMi. OCHOBHBIM MEXaHH3MOM YIPOYHEHHSI METAIUINYECKOTO
MOJIMKPHCTAIIIA SBISIETCS HAKOIUICHWE B €ro 3epHax JMCIOKALMH, a OCHOBHBIM MApaMeTpoM YIPOYHEHHUS — CPEIHss CKaJsIpHAsl MIIOTHOCTD
nucnokaiui. CkanspHas MIOTHOCTh JMCIOKALMH pasjeNiseTcs Ha KOMIOHEHTBI: TIIOTHOCTh CTaTHCTHYECKH 3amaceHHbIX (pg) M IUIOTHOCTH
FeOMETPHUYECKH HEOOXOMUMBIX (P ;) McNoKaluii. MeTonom npocseunBaroniell iuppakiuonHoi snekrponHoii Mukpockonuu (IIOM) uccnenytores
9Tarbl Pa3BUTHS TUIIOB JUCIOKAIMOHHON cyocTpykTypsl (JICC) B crutaBax Cu — Mn B 3aBHCHMOCTH OT KOHLIGHTPAIMH JISTHPYIOLIETO JIEMEHTA
[IpY aKTUBHOM rutacTudeckoi aedopmanuu. VceaeayoTes MOMUKPUCTAITNYECKHE CIIJIaBbl B IIMPOKOM KOHIIEHTPALMOHHOM HHTepBane: ot 0,4
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10 25 % Mn (ar.). I1o moyueHHbIM Ha IEKTPOHHOM MUKPOCKOIIE CHUMKAM H3MEPEH Psijl ITapaMeTPOB JUCIOKALMOHHON CYOCTPYKTYPBI: CPEaHsIs
CKaJISIPHAs MJIOTHOCTh JUCJIOKALMH <p>, MJIOTHOCTh CTaTMCTUYECKH 3aNaceHHBIX (Pg) M TEOMETPUUECKH HEOOXOMMMBIX (p;) JMCIOKAIMi,

KPUBH3HA-KPy4YeHHE KPUCTAIUINYECKON PEIeTKH (), IIIOTHOCTh MUKporoioc (P

), IIOTHOCTE 000PBAHHEIX CyOrpanut (M s ). YeraHoBIICHa

10J10C.

MOCIIEA0BATENBHOCTD NpeBpamennil o JCC mpH yBeIMUEHHH CTENCHU Ae(OpMAIMU U KOJIMYIECTBAa BTOPOTO 3JIEMEHTa Ha (hOPMHPOBAHHUE
THIIAa CyOCTPYKTYpBI U €€ TapaMeTpoB. DKCIEPUMEHTAILHO ONPE/ICICHO BIMSAHNE KOHLEHTPAIMK BTOPOTo 2JIEMEHTA M pa3Mepa 3¢pHa Ha CPEJHION0
CKaJIIPHYIO IUIOTHOCTH JUCIIOKAIMII U ee cOCTaBILIOIMX. Hammane pa3opueHTUPOBOK B CyOCTPYKType B Ipouecce aedopManyu dasupyercs Ha

OCHOBE M3MEPCHUS STUX ITapaMETPOM MCTOAOM TI5M.

Kawouesvle caoea: crinassl, aedopmaliyis, TUCIOKAIIMOHHBIE CYOCTPYKTYpPbI, FEOMETPUYECKHIE HEOOXOIMMbIE TUCIOKALIMN, aTOMHBIIT 00bEM, 3aKOH 3eHa
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B INTRODUCTION

Variation in the composition of alloys of Cu—Mn
system can change the degree of short-range order and
the resistance to motion of dislocations [1, 2]. At the same
time, in the alloys of this system, the value of the stack-
ing-fault energy (SFE) slightly depends on the concentra-
tion of the alloying element — manganese [3]. Variation
in the concentration of the second element in the solid solu-
tion can lead to a change in the dislocation start stress and
friction forces and, consequently, to a change in the resis-
tance to the beginning of plastic deformation. An increase
in the deformation degree leads to formation of a certain
type of dislocation substructure, which, in turn, determines
the deformation hardening of polycrystals. The nature and
type of the dislocation structures formed are closely con-
nected with the SFE value, local order parameters, and
friction forces between dislocations. These parameters
can significantly vary depending on the concentration
of the alloying element, degree of ordering in solid solu-
tions, as well as deformation degree [4 — 6].

For many years, the dislocation structure was charac-
terized mainly by such a parameter as the mean sca-
lar density of dislocations <p>. Further development
of the dislocation study has led to the division of <p> into
the following components which have different physical
meanings: geometrically necessary (p) and statistically-
stored (py) dislocations. The references show thatthe geo-
metrically necessary dislocations are formedin the case
of deformations in the polycrystal metals and alloys with
deformation twins, in the dispersion-hardened materials
and in other cases of functioning of strong barriers to dis-
location sliding [7 — 9].

Density p. is directly connected with the curvature-
torsion of the crystal lattice y [13, 14]:

where b is the Burgers vector; ¢ is the tilting angle
of the crystal plane; ¢ is the distance on the plane;

0 . . .
xza—(g— is the curvature-torsion of the crystal lattice;

r is the radius of crystal curvature.

The formation of dislocations and dislocation reac-
tions in the alloys after plastic deformation can be consi-
dered to be random processes. The dislocations subjected
to deceleration by others formed in the course of plas-
tic deformation are called statistically stored disloca-
tions (SSD) [11]. Such statistically stored dislocations
are formed at the very beginning of plastic deformation
and are decelerated mainly by weak barriers consisting
of other dislocations. When the stronger barriers (such as
particles of second phases, deformation twins, or grain
boundaries) are present in the alloys, the geometrically
necessary dislocations (GND) accumulate in the material,
and plastic deformation gradients (1) are available [11].
As a result, the mean scalar density of dislocations is
determined by the following equation

<p>=pgtp,-
This work studies the influence of manganese alloying
and grain size in wrought Cu— Mn alloys with FCC lattice

using the transmission electron microscopy.

[ STUDY MATERIALS AND METHODS

The study materials are polycrystal alloys of Cu—Mn
system in the manganese concentration range from 0.4
to 25 % (henceforward, atomic (at.) percentage). Alloys
with the mean grain size of 10, 20, 40, 60, 100, 120 and
240 um were studied. Samples of the alloys studied were
deformed by elongation at the room temperature with
a rate of 2-1072 s7!. The dislocation structure was studied
by menans of transmission diffraction electron micros-
copy (TEM) using goniometer-equipped electron micro-
scopes with accelerating voltage of 125 kV. The foils were
examined in the microscope column ata30,000-power
magnification. The technique for measuring the disloca-
tion structure parameters is given in [12, 13].
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Bl RESULTS AND DISCUSSION

We considered formation of the dislocation substruc-
ture (DSS) depending on the concentration of the alloy-
ing element at small (g, =0.05) deformation degrees
in the copper-manganese alloys. For easy comparison
of the substructures, the study results are provided for one
grain size equal to 100 pm.

Fig. 1 shows the types of the dislocation substruc-
tures formed with growth of the second element. Analy-
sis of the electron microscope images allowed us to find
the following regularities in the DSS formations. With
the moderate deformation degrees (g, =0.05-0.10)
in the alloys studied (Cu + 0.4 % Mn, Cu + 8 % Mn and
Cu+ 19 % Mn), tangles (Fig. 1, a) as well as cell sub-
structures without disorientations (Fig. 1, ) are formed
from the dislocations. The increase in the concentration
of the second component up to 8 % Mn results in transi-
tion from the cell DSS to the cell-mesh DSS (Fig. 1, ¢).
The further growth of the second element concentra-
tion is accompanied by the formation of the new DSS
type. In alloys Cu+13% Mn, Cu+19 % Mn and
Cu + 25 % Mn, we can observe the following sequence
of the DSS types formation: dislocation chaos (Fig. 1, d);
dislocation clusters and dislocation loops (Fig. 1, ¢); mesh
DSS (Fig. 1, f) respectively.

We considered the influence of the deformation degree
growth in the alloys studied, resulting in disorientations
appeared in the DSS. The electron microscope images
show this process as the appearance of the extinction
deformation contours (Fig. 2).

In Cu—Mn alloys with a low concentration of the alloy-
ing element (up to 6 %), the disoriented cell substruc-
ture is formed with the deformation degree of 0.20
(Fig. 2, a). In alloys with a concentration of the alloying
element higher than 8 % Mn, the disoriented cell-mesh
substructure develops with further deformation increase
(Fig. 2, b). With such deformation, clumps are formed
from dislocations (Fig. 2, b) which riginate on the long
rectilinear dislocations formed even at low deformation
degrees. As aresult, an increase in the density of clumps is
observed, and the structure tends to become more homo-
geneous.

Fig. 2 provides electron microscope images of the DSS
types formed with the higher deformation degrees
(¢, >0.20) in the alloys with different concentrations
of the alloying element. The experiments established that,
in the alloys with concentration of the second element
equal to 0.4, 2.4 and 6 % Mn, the following substructures
are observed: disoriented cell, cell-mesh, and microstrip
DSS. The examples of the substructure types observed

Fig. 1. Electron microscope images of DSS types formed at &_= 0.05 = 0.10
in alloys Cu — 04 % Mn (tangle (a), cell (b)); Cu + 8 % Mn (cell-mesh (c));
Cu+ 19 % Mn, Cu + 13 % Mn (chaotic dislocation distribution (d)); Cu + 19 % Mn % (dislocation clusters (e));
Cu+ 19 % Mn % (mesh (f))

Puc. 1. DnekrpoHHO-MHKpOCKonnueckue n3oopaxerus THnoB JICC, popMUPYIOLHXCS IPH €

=0,05+0,10

ucT

B cruaBax Cu — 04 % Mn (xiryOkoBas (), stuencrtas (b)); Cu + 8 % Mn (suencro-ceruaras (c));
Cu+ 19 % Mn, Cu + 13 % Mn (xaotuueckoe pacnpezenenue auciokanuii (d)); Cu+ 19 % Mn % (auciokannoHHble CKOIUICHUS (€));
Cu + 25 % Mn (ceruaras (f))
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Fig. 2. Electron microscope images of DSS types formed at g, > 0.20 in Cu + 0.4 % Mn alloys (disoriented cell (@), cell-mesh (5));
Cu + 6 % Mn (microstrip (¢)); Cu + 19 % Mn (mesh (d), disoriented cell-mesh (e), microstrip (f)). Extinction deformation contour K

Puc. 2. Dnexrponno-mukpockonuueckue nzodpaxenus tunos JJCC, popmupyromuxcs npu €, > 0,20
B cruaBax Cu + 0,4 % Mn (pazopuenTtupoBanHas stuencras (a), suercro-ceruaras (b)); Cu + 6 % Mn (Mukpomnonocosas (¢));
Cu + 19 % Mn (ceruaras (d), pa3opueHTHPOBAHHAS TUSUCTO-ceTuaras (€), MUKpOnosocosas (f)). DKCTUHKLIHOHHBIH 1eopMalnoHHbIil KOHTYp K

for alloy Cu+ 0.4 % Mn are provided in Fig. 2, a and b.
In alloy Cu+ 6 % Mn, the formation of the microstrip
DSS is observed inside the grain, appearing along bounda-
ries of the disoriented cells or from the grain bounda-
ries (Fig. 2, ¢). It is important to note that the kinetics
of the microstrip substructure formation and volume
fraction growth is often connected with growth through
the alloy of the broken boundaries.

It was established that, in alloys with the higher con-
centration of the alloying element (8, 10, 13, 19 and
25 % Mn), such substructures as disoriented mesh, dis-
oriented cell-mesh, and microstrip DSS are present
The example of the substructures observed at g > 0.20
is shown in Fig. 2, d — f for alloy Cu+ 19 % Mn. Based
on the analysis of the electron microscope photos, it was
established that the alloy with 8 % Mn is the boundary-
when transferring from the classically cell DSS to cell-
mesh DSS.

The photographs were used to measure the mean sca-
lar density of dislocations <p>, the density of statistically
stored (pg) and geometrically necessary (p;) dislocations,
the curvature-torsion of the crystalline lattice y, the den-
sity of microstrips P, as well as the density of bro-
ken boundaries Mbr.bndwith different grain sizes <d>.
The dependencies of the mean scalar density of disloca-
tions, density of geometrically necessary and statistically
stored dislocations on the concentration of alloying ele-
ment C,, at g = 0.30 and grain sizes 10 and 240 pm are
provided in Fig. 3.
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Fig. 3. Dependencies of the mean scalar density of dislocations <p> (),
density of geometrically necessary p; (b) and statistically stored pg (c)
dislocations on the concentration of alloying element
in the alloys of Cu — Mn system at g = 0.30 and grain sizes
of 10 um (/) and 240 pm (2)

Puc. 3. 3aBucumMocTH cpeiHelt CKaIspHON MIOTHOCTH
JUCTIOKaUi <p> (a), ITIOTHOCTH T€OMETPUIECKN HEOOXOMUMBIX P (D)
¥ CTAaTHCTUYECKH 3aMTACEHHBIX P (€) IMCIIOKAIME OT KOHLIEHTPAIHH
JIETHPYIOIIETo 3/eMenTa B criaBax cuctembl Cu—Mnnpu g = 0,30
n pa3mepax 3epeH 10 mxm (/) u 240 mxm (2)
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The growth of manganese concentration results in
increase of both mean scalar density of dislocations <p>
and its components p . and pg. The growth of deformation
degree results in formation of disorientations in the sub-
structure. Fig. 4 shows dependencies of the parameters
which characterized is orientations in Cu—Mn alloys:
the curvature-torsion of the crystal lattice, the density
of microstrips, and the density of broken sub-bounda-
ries. The values of 1y, Psmp, and M, , . increase with
the increase of the concentration of the alloying ele-
ment C,, more significantly in the alloys with the grain
size of 10 um compared to the alloys with the grain size
of 240 pm.

We considered the features of the atomic volume
change in solid solutions in the alloys of Cu—Mn sys-
tem. It is believed that, in the range of existence of solid
solutions of two elements, the change in the lattice period
depending on the composition should be linear. This
assumption was represented as the Vegard’s law [14 — 16].
According to this law, the lattice period of the solid solu-
tion of two components with the same or similar structure
and periods a, and a, should change linearly depending on
the concentration of these components x, and x, expressed
in atomic fractions:

1 __—— a
S 4‘)’A/‘ 2
<+ ° i
S 2—/ « / —h=
R
I
0 1 1 1 1
6 b

6 -1
Mg 10, m

IN

3 T
x

2 /
v— v I
0 1 1 1 1
8
I C
—_ O e @
s 6 _—‘)—Q/
e " 2
S 4r /
& 2 /
1 1 1 1 I
0 5 10 15 20 25

Mn, % (at.)

Fig. 4. Dependences of DSS curvature-torsion of crystal lattice y, (a),
density of broken sub-boundaries M, , , (b) and density
of the microstrips P, (©) on concentrationof alloying element
in alloys of Cu — Mn system at g, = 0.30 and grain sizes
of 10 um (/) and 240 pm (2)

Puc. 4. 3aBUCHMMOCTH KPHBU3HBI-KPYUEHUSI KPUCTAIIINYECKON
peuieTkH y, (@), IIOTHOCTH 0O0OPBAHHBIX CyOrpaHuIL M (b)
U IUIOTHOCTH MHKPOIIOJIOC anmc, (8) ICC ot KoHIEHTpanuu
JIETHPYIOIIETo dyieMenTa B cruiaBax cuctembl Cu—Mnnpu g = 0,30
n pa3mepax 3epeH 10 mxm (/) u 240 mxm (2)

T
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a=xa, +x2a2.

On the other hand, Zen proposed the atomic volume
additivity rule for ideal solid solutions [15-17]:

Q=C,Q,+C,Q

B="B>

where C, and C,, Q u Q, are the concentrations and
atomic volumes of the pure components.

A volume fraction of the elementary cell per one atom
is understood as the atomic volume, that is:

v (1)

Q==
n

where 7 is the number of atoms in the elementary cell.

Atomic volumes of pure metals Q calculated in
this way depend least of all on the crystal lattice type.
The atomic volume of pure metals Q is the more universal
characteristic with respect to the parameters of elementary
cell parameters pure metals and can be used to analyze
the properties of compounds formed by elements with dif-
ferent crystal structures. This approach was successfully
applied in [14] during analysis of Ti-Ni-based binary com-
pounds.

Zen’s law is true just as rare as Vegard’s rule; how-
ever, it is very popular. There are many models for pre-
dicting deviations from the Zen’s law, but the reliability
level of these predictions is low. None of the models pre-
dicts even a deviation sign with an accuracy of more than
60 %. This suggests that the main factors of the deviation
from Zen’s law have not yet been identified. For the most
of the known alloys where solid solutions are formed,
the negative deviation of the atomic volume from Zen’s
rule is observed [18, 17]:

AQ = QX — QP <0, )

Fig. 5, a shows a phase diagram of Cu—Mn system
with two concentration areas where ordered phases are
formed as a result of “disorder — order” phase transitions
of compositions Cu;Mn and Cu;Mn, as well as concent-
ration dependencies of atomic volumes of the alloys
of system Cu—Mn (Fig. 5, b). Within the alloys of this
system, the positive deviation of the atomic volume from
the Zen’s law is observed. Such deviation from the Zen’s
law on the concentration dependency of the atomic
volume occurs much less frequently than the negative
deviation [20].

The above data indicates a change in the forces
of interatomic interaction during formation of solid solu-
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tions in Cu—Mn system (according to equation connect-
ing the crystal energy and atomic volume Q in the case
of metal nature of atomic interaction [21]):

A4 B Ce
_Q1/3+Qz/3+ o’

2

e B . S
where —— and —— are the potential and kinetic ener-
Q]/3 QZ/3

2
. e . o
gies of free electrons; Y characterizes the kinetic energy

of electrons which occupy the lower energy states.

It is known that Peierls stress £, which is the mini-
mum required stress for dislocation displacementin crystal
bodies, depends on the interplane distance d. In this case,
maximum E,, that is the Peierls barrier value is deter-
mined as follows [22]:

d . . . . . .
where o, = 1— — is the dislocation width; d is the inter-
-V

plane distance; G is the shear modulus; v is the Poisson’s
ration; b is the Burgers vector.

Thus, the dependence of the atomic volume on
the concentration for the alloys of Cu—Mn system allows
us to state, according to the above analysis based on
equations (1) and (2), that the increase in atomic volume
contributes to the crystal energy change and the Peierls
barrier height. Such changes in the atomic volume exer-
cise significant influence over mobility of the statistically
stored and geometrically necessary dislocations.

[ ConcLusions

Based on the electron microscope study of the fine
structure of wrought samples of the alloys of Cu—Mn
system with FCC lattice, the parameters of the dislocation
substructures are determined (mean scalar density of dis-
locations <p> and its components: density of statistically
stored pgand geometrically necessary p . dislocations; cur-
vature-torsion of crystal lattice y, density of microstrips
PStrip and density of broken sub-boundaries M, ., .)
depending on the concentration of alloying element (man-
ganese) with different grain sizes. Features of evolution
of the dislocation substructures in alloys with different
manganese content are determined; and it is established
that the alloy with 8 % Mn is the boundary when transfer-
ring from the classically cell DSS to cell-mesh DSS.

It was shown that the grain size decrease results in
dislocation structure parameters increase. This is due
to the fact that dislocation accumulation in the grains
of smaller size is connected with their lower mobility.

Based on the analysis of concentration dependences
of the atomic volumes in the alloys of Cu—Mn system,
the positive deviation from Zen’s law was established.
Such an increase in atomic volume with the alloying
element concentration growth contributes to the crys-
tal energy change and, as a result, to the Peierls barrier
increase. This xercises significant influence over mobi-
lity of the statistically stored and geometrically necessary
dislocations. This data correlates with the results of elect-
ron microscope studies: in Cu—Mn alloys with the higher
manganese content, the dislocation substructure parame-
ters growth is observed.

It was also established that the grain size decrease
has more significant effect on the dislocation substruc-
ture parameters than does the content of alloying element
atoms in the alloys of Cu—Mn system with FCC lattice.
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