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The acoustic spectroscopy method and X-ray diffraction analysis were used to study the effect of severe plastic deformation
(SPD) and subsequent annealing on the parameters of the dislocation structure of ultrafine-grained (UFG) FRTP (Fire Refining
Tough Pitch) copper. To this end, the effect of SPD and subsequent annealing on the main parameters of the low-temperature
Bordoni acoustic relaxation was studied in detail. Annealing was performed in the temperature range 90 — 430 °C, including the
primary crystallization temperature of highly deformed copper T, ~ 135 °C. For all states of the samples, the estimates of the
density of mobile dislocations p,,, which contribute to the low-temperature dynamic relaxation, are obtained. Annealing leads to the
decrease in the dislocation density from pm ~ 1.7-10% m™ to py ~ 1.5-10'* m™. In addition to the dislocation density, an estimate of

the 1st order Peierls’ stress 7, =19 MPa ~ 2.510*G (G — shear modulus) was also obtained from the acoustic measurements. In

parallel with the acoustic measurements, the parameters of the dislocation structure of the samples were studied by X-ray diffraction.
The values of the lattice parameter, the values of microdeformation, the average size of the coherent scattering region (CSR), and
also the average density of dislocations were obtained. It turned out that the X-ray density of dislocations is two orders of magnitude
higher than the values obtained from acoustic measurements. At the same time, the data on the effect of annealing obtained by both
methods are in qualitative agreement with each other; in particular, a decrease in the dislocation density of the same order of
magnitude is observed.

Keywords: severe plastic deformation, ultrafine-grained metals, acoustic spectroscopy, X-ray diffraction, low temperatures.

BruuB Bignany Ha mapaMeTpu AUCIOKAIIHOT CTPYKTYpH
yIBTPA3ePHUCTOT MiJIi: TOPIBHSUIBHE JOCTIIKEHHS aKyCTUYHUM Ta

pCHTFGHiBCBKI/IM METOAaMMU
ILIL ITans-Bans, [.C. bpayne, JI.H. Ilans-Bans, B.I'. I'eiinapos

Dizuxo mexuiunuu incmumym Husbkux memnepamyp im. b.1. Bepxina HAH Yxpainu, np-m Hayxu 47, 61103 Xapkis, Ykpaina

MeTonamu aKyCTHYHOI CIIEKTPOCKOMii Ta PEHTIeHOCTPYKTYPHOTO aHA3y BHMBYCHO BIUIMB IHTEHCHBHOI IUIACTHYHOI
nedopmarnii (II1JI) i momanemoro Bigmamy Ha mapaMeTpH AWCIOKamiiHOI CTpykTypH ynbTpanpionozeprucroi (Y/3) FRTP (Fire
Refining Tough Pitch) wmigi. 3 wmieto meroro aeranbHo BuB4YeHo BruB II1J] i HacTymHOro Bimmany Ha OCHOBHI HapaMeTpu
HU3BKOTEMITepaTypHOi aKycTHUHOI penakcanii bopmoni. Bigman npoBoauses B inTepsani temmepatyp 90 - 430 °C, mo BKiIIodae B
cebe TeMmneparypy NepBUHHOI KpUCTaNi3alil CHIbHOIEPOPMOBAHOT Mifi Tqny = 135 °C. [Ins Bcix cTaHiB 3pa3KiB OTPHMaHi OLIHKA
IIITBHOCTI PYXJIMBUX JHUCIIOKAIlii, 10 Jal0Th BHECOK B HHM3bKOTEMIICpATypHY NMHAMIYHYy pejakcauiro. Bigman mpu3BoauTs 10
3MEHIICHHS IUTBHOCTI TUCTIOKAIIiH BiJ 3HAYEHb Py, = 1.7 10% w2 0 pm= 1.5 10% M2, OKpiM IMUTEHOCTI TUCTIOKAIIIH, 3 aKYCTHIHUX

BHMIpIOBaHb OTpHMaHa OWiHKa Hampyru I[laitepinca 1 pomy 7p =19 MPa ~ 2.510*G (G — momyme 3cyBy). IlapamensHo 3

AaKyCTHYHHMH BHMipaMM, HNPOBOAMJIOCS OCITI/DKEHHS MapaMeTpiB JHCIOKALifHOT CTPYKTYpH 3pa3KiB METOJOM PEHTIeHiBCHKOT
nmudpaknii. Bynu oTpumaHi 3HaYeHHsS MapaMeTpa peIlliTKH, 3HaYeHHs MikpoaedopMarii, cepeaHiii po3Mip 00JacTi KOTePEeHTHOTO
posciroBanust (OKP), a Takox cepemHs IIJIbHICTh AMUCIOKAIid. BUSBHIOCA, II0 PEHTreHIBChKA MIUIBHICTH IMCIOKAIi Ha 1Ba
HOPSAKA MEPEBHUILYE 3HAYCHHS, OTPUMaHI 3 aKyCTHYHHX BHMIipIOBaHb. Y TOM jKe yac JaHi 1100 BIUIMBY BiAmany, OTpUMaHi oboma
METOJaMH, SIKiCHO Y3TOJDKYIOTHCSI MiXK 0000, 30KpeMa, CIIOCTepiraeTbesi Take K MO MOPSIAKY BEIHYHMHH 3MEHIICHHS LIIIBHOCTI
JIUICTIOKALTIH.

KonrodoBi ciioBa: cunbHa IuactidyHa JAedopMaris, yIbTPa3epHUCTI METald, aKyCTUYHa CIIEKTPOCKOIIS, PEHTIeHiBChKa
nudpakIist, HU3bKi TeMIIepaTypu.
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Effect of annealing on dislocation structure parameters of ultrafine-grained copper: comparative study
by acoustic and x-ray methods

BrnusiHne oTxura Ha mapameTpbl JUCIOKAIMOHHOW CTPYKTYPhI
YABTPA3EPHUCTON MEAU: CPABHUTEIILHOE UCCIIETOBAHUE AaKyCTUUECKUM U

pCHTFCHOBCKI/IM METOJaMHU
[LIL. IMans-Bans, U.C. bpayne, JI.H. Ilans-Bans, B.I'. I'elinapos

Duzuro mexuuyeckuti uncmuniym nuskux memnepamyp um. b. Bepxuna HAH Yxpaunwr, np-m Hayxu 47, 61103 Xapvkos, Yrpauna

Meronamu aKyCTHYECKOH CIIEKTPOCKOIIMHI U PEHTTEHOCTPYKTYPHOTO aHAIN3a N3y4eHO BIMSHHE HHTEHCUBHOM IIACTHYECKO
nedopmaruu (MI1/]) u mocnenyroniero oTKura Ha rmapaMeTpsl IUCIOKAIIMOHHOM CTPYKTYpHI yibTpaMmenkoseprucroit (YM3) FRTP
(Fire Refining Tough Pitch) mequ. C sToii menpto aeranbHO H3ydeHO BimsHue UIIJ] M HOCIEAYIOIIEro OTXKWUra Ha OCHOBHbBIC
rapaMeTpbl HU3KOTEMIIepaTypHOH aKycTideckol penakcanuu bopmonn. Omxur npousBomuics B nHTepBaie Temreparyp 90 — 430
°C, BKIIOYANONIEM B ce0sl TeMIIEpaTypy MEPBUYHOW KPHCTAJUTU3AIMU CHIBHOJICPOPMUPOBAHHONW MeIH Tqnn = 135 °C. Jlng Bcex
COCTOSIHMHM 0Opa3lOB TMONy4YEeHBl OLCHKM IUIOTHOCTH IIOJBIDKHBIX JUCIOKAlWH, IAlOIUX BKIaZ B HH3KOTEMIICPATypHYIO
JIUHAMHUUYECKYI0 penakcanuio. OTKUT NPUBOAUT K YMEHBUICHUIO IUNIOTHOCTH JUCIOKAalMHi OT 3HayeHuil py, ~ 1.7 102 M2 1o Pm ~
1.5-10" w2 KpoMe IIOTHOCTH IWMCIOKAIMiA, W3 aKyCTHYECKHX M3MEPEHMIl IMOJydeHa OLCHKa HampsukeHus Ilaiiepica | pona

7p =19 MPa ~ 2.510*G (G — monynmws casura). IlapaiiensHo ¢ aKyCTHYSCKMMH H3MEPCHHSMH, MPOBOJHUIOCH HCCIICIOBAHHE

IapaMeTpoB JHUCIOKAIMOHHON CTPYKTYpPHI 00pa3loB METOIOM PEHTTCHOBCKOH nudpakiuu. BeuM momydeHsl 3HaUEHHS Iapamerpa
peIeTKH, 3HaUYeHNUsT MUKpoaepopMaIuy, cpegHuid pasMep obnactu korepeHTHOro paccesaus (OKP), a Taxke cpemHss MIOTHOCTD
nucnokaiuid. Okas3anoch, 4TO PEHTTCHOBCKas IUIOTHOCTh AMCIOKAlMH Ha JiBa IOPsIKa NPEBBIIACT 3HAYCHHS, MOTYyYCHHBIE U3
aKyCTHYECKHX M3MepeHuil. B TO ke BpeMms MJaHHbIC II0 BIHMSHHMIO OT)KHUIra, IMOJYy4YCHHbIE OOOMMH METOAAMH, KadeCTBEHHO

COTTIACYIOTCSI MEXKAY COOOM, B YaCTHOCTH, HAOMIOJaeTCs TaKOE JKe MO MOPSIIKY BETUYNHBI yMEHBIICHNE NIOTHOCTH AUCIOKAIUI.
KnrodeBble cli0Ba: cuibHas IIacTHYeCKast Ae(opMaliys, yIbTPaMeTKO3ePHUCTBIE METAIBI, aKyCTUYECKas! CIIEKTPOCKOTIHS,

JIdpakIysg peHTIeHOBCKUX JIydel, HU3KHEe TeMIIepaTypebl.

Introduction

It is well known that highly fragmented metals and
alloys obtained by the methods of severe plastic
deformation (SPD) have thermodynamically non-
equilibrium defect structures, the transition of which to
the equilibrium state determines the instability of their
most important functional and operational properties
(strength, ductility, elastic properties, etc.). This
circumstance confines the wide use of ultrafine-grained
(UFG) and nanostructured (NS) metals and alloys
obtained by SPD method as structural materials for
industry, in particular, as structural elements in aerospace
engineering and nuclear power engineering intended for
operation under extreme operating conditions with
frequent heat exchanges and/or under significant
mechanical loads [1, 2].

These factors determine the importance of studying
the stability of the microstructure of NS and UFG
materials obtained by SPD methods, caused by both
external factors (temperature, applied mechanical
stresses) and those resulting from incompleteness of
processes that occur during SPD. In the SPD process,
practically all modes of plastic flow are activated: slip and
multiplication of dislocations in all available dislocation
systems, twinning (including multiple), grain-boundary
slippage, competition between the processes of strain
hardening and dynamic recovery is also observed. As a
result, a huge number of deformation defects are created
in the material — dislocations, twins, high-angle grain
boundaries, vacancies, and pores that all are in the fields

of significant internal stresses created during SPD. The
defect subsystem of UFG and NS metals is metastable,
and in some cases non-equilibrium. External influences
(temperature, applied alternating stresses, etc.) lead to a
decrease in the density of dislocations, grain growth
(recrystallization), vacancy annihilation, and, finally,
contribute to relaxation of internal stresses.

Studying the influence of external factors on the
stability of the properties of UFG metals provides
valuable information on the evolution of their structure. In
this work, the methods of acoustic spectroscopy and X-
ray structural analysis were used to study the effect of
annealing on the parameters of the dislocation structure of
ultrafine-grained FRTP (Fire Refining Tough Pitch)
copper, obtained using the SPD methods including
hydroextrusion (HE) and drawing (D). The parameters of
the dislocation structure of the UFG copper were
determined from the data on the low-temperature Bordoni
dynamic relaxation caused by the thermally activated
generation of Kink pairs in dislocations. Parameters of the
dislocation structure were also obtained by determining
the coherent scattering regions (CSR) and micro-
distortions using X-ray diffraction. From these data,
estimates of the average dislocation density in samples
were obtained.

It should be noted that when studying the dislocation
subsystems of crystals, the acoustic and X-ray methods
provide information on the characteristics of substantially
different parts of the entire dislocation ensemble. In
acoustic experiments, the vibrations of the longest and
most favorably located relative to the external alternating
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stress mobile dislocations belonging to slip systems with
a nonzero Schmid factor are excited. Accordingly, the
parameters of a relatively small part of the moving
dislocation segments are determined. In the X-ray
measurements, on the contrary, the parameters of the
dislocation subsystem are determined over the entire
dislocation ensemble in the crystal. As a result, in the first
case we get underestimated, and in the second case,
overestimated data on the density of dislocations.

A comparative study of the change in the density of
dislocations by X-ray and acoustic methods makes it
possible to obtain information on changes in both the total
density of the dislocation ensemble and the density of its
most mobile part as a result of external impact. As the
latter, in this work, isothermal annealing of samples at
elevated temperatures was used.

2. Experimental details
2.1. Preparation and characteristics of samples. We
studied samples of ultrafine-grained (UFG) technically
pure fire-refined (FRTP) copper with a purity of 99.95%
obtained as a result of combined severe plastic
deformation (SPD) that includes multiple hot and cold
hydrostatic extrusion (HE) and drawing (D) (for more
details see [3]). The technological sequence of operations
during the sample preparation is presented in Table 1. The
total reduction of the starting material was 96.6%, and the
total deformation was ey = 6.77. The average grain size

was decreased down to d ~ 200-300 nm.

Table 2.
Sample preparation.
Ne .
/ Procedure D, mm RedL;/CtIOﬂ, er
0
No
1 Start of processing | 59 0 0
2 43 27.1 0.633
3. Hot extrusion 28 52.5 1.491
4, 22.5 61.9 1.928
5, | AGEINGat20°C,10 1 555 | 519 | 1028
months
6 Hot extrusion 18.8 68.1 2.287
7 Cold extrusion 13 78.0 3.025
Annealing at 150

8. °C. 30 min. 13 78.0 3.025
9. 10 83.1 3.550
10. Cold 8 86.4 3.996
11. hydroextrusion 6 89.8 4572
12. 4 93.2 5.382
13. Drawing 2 96.6 6.769

D is the diameter of the copper billet.

2.2. Acoustic measurements. Information on the
dynamic characteristics of moving dislocations has been

obtained by a detailed analysis of the parameters of the
low-temperature Bordoni dislocation acoustic relaxation
in copper [4-8]. Acoustic measurements were carried out
by the two-component composite vibrator method [9]. In
samples with a length of about 25 mm and a diameter of 2
mm, longitudinal standing waves at frequencies f ~ 73
kHz were excited using a piezoelectric quartz transducer;
in this case, the wave vector of ultrasound coincided with
the direction of hydroextrusion and drawing. The
temperature dependences of the logarithmic decrement &
(T) and the dynamic Young's modulus E(T) were
measured in the temperature range 5 — 310 K in the
amplitude-independent region with a constant amplitude
of ultrasonic deformation &= 1-107. The rate of
temperature changes was ~ 1 K/min.

2.3. X-ray measurements. To study the structure of
polycrystalline materials, in particular, the sizes of
coherent scattering  regions and microstrains, there
several X-ray techniques based on the analysis of the
nature of the broadening of X-ray diffraction lines were
developed. In this work, we used a method of an
approximation of the shape of the X-ray line profile by
standard broadening functions. The study was carried out
using DRON-2.0 diffractometer in copper radiation with a
Ka nickel filter. First, the parameters of the dislocation
structure of the initial samples were studied immediately
after the SPD procedure. Then the samples were annealed,
and after each annealing, the measurement cycle was
repeated. Processing of the obtained diffraction patterns
was carried out according to the standard procedures [10-
12]. The broadening effects were separated graphically by
plotting the Williamson-Hall graph. From the intercept
on the ordinate axis, the average CSR size <D> was
determined and from the slope of the graph the
microstrain ¢ was determined. Based on these data, the
average values of the dislocation densities p,, were
calculated.

2.4. Annealing procedure. After carrying out
acoustic and X-ray measurements on the as-prepared
samples, they were subjected to isothermal annealing with
at elevated annealing temperatures in the temperature
range 90 ° C < Ty, <430 °C. Samples were annealed for
30 min in vacuum. The annealing temperature range was
chosen in such a manner that the primary recrystallization
temperature in highly deformed copper 7 ~ 135 °C fell
into this interval. Because of the fact that the behavior of
the dynamic Young's modulus E in annealed samples
prepared by hydroextrusion and drawing drastically
differed from the behavior of E in ECAP-treated copper
[3, 13, 14], the annealing temperature range was extended
towards higher temperatures . The annealing temperature
step was 20 — 50 K and depended on changes in the
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measured values as a result of annealing. After each
annealing, the cycle of acoustic and X-ray measurements
was repeated.

3. Results and discussion

Peak Bordoni. When studying the temperature
dependences of the logarithmic decrement &T) in the
samples of UFG copper, a pronounced peak of internal
friction was found, localized at a temperature of Tp; ~ 82
K at an ultrasound frequency of f = 73 kHz (curve 1 in
Fig.1a).

On the low-temperature side of this peak, a small
satellite of the main peak was also observed at Tp, ~ 35 K.
It was found that the temperatures of the peaks Tp; and
Tp, increase with increasing the vibration frequency. This
indicates that these peaks are due to thermally activated
dynamic relaxation processes. For a simple Debye-type
relaxation process with a single relaxation time, we can
write

ot
1+ (w7)? '

5I‘ 25( max

1)

where & is the relaxation component of the logarithmic
decrement, w = 2xf is the angular frequency.

--------- AL SR LR R LT L
Cu (e, =6.77)
1.5 P N 1 - as deformed 7
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Fig. 1. Temperature dependences of the logarithmi

decrement &T) in the FRTP copper sample immediatel
after SPD with the total true strain ey = 6.77 (curve 1) an
after a series of anneals at successively elevate
temperatures (curves 2-8).

The relaxation contribution to the measured decrement &
reaches its maximum value & max = 7y /2 at wr (Tp) = 1,

Ay is the relaxation strength, Tp is the peak temperature.
Since in this experiment the measurement frequency f
with temperature varies insignificantly, the temperature
dependence o (T) is mainly determined by the

temperature dependence of the relaxation time 7 (T),
which for thermally activated relaxation with activation
enthalpy H and an attempt period 7, is described by the
well-known Arrhenius’ expression

7(T) = rpexp(H /KT), 2

here k is the Boltzmann constant. Thus, the temperature

dependence of the relaxation component of the
logarithmic decrement may be represented as
Hfl1 1
8, (T) = O max SECh {?(? - ﬁ\J} . 3)

It should be noted that expression (3) is valid only for
the relaxation processes with a single relaxation time and
in the assumption f = const). The activation enthalpy H
and the attempt period 7, can be determined from
measurements at several frequencies and then plotting
In(w) as a function of the inverse peak temperature 1 /Tp:

Ino=i(m!) -7, @) @

By measuring at the 1st, 3rd, and 5th harmonics of the
quartz transducer fundamental frequency, the average
values of the activation enthalpy H and the attempt period
7 were determined for the P, and P, peaks: H;= 0.09 eV,
wm = 6:10% s and H, = 0.017 eV, m, = 1:10° s,
respectively. These values are close to the activation
parameters of the Bordoni and Niblett-Wilks peaks earlier
observed in single crystals and coarse-grained
polycrystals of copper [7].

According to the well-established theoretical concepts
of A. Seeger [5, 6], it can be argued that the peaks P, and
P, are caused by the thermally activated motion of
dislocations in the Peierls’ potential reliefs of the first and
second order. The microscopic mechanism responsible for
the appearance of the P; peak is the thermally activated
nucleation of kink pairs in dislocation lines (overcoming
Peierls’ potential barriers of the first order). The low-
temperature peak P, may be the resulted by thermally
activated diffusion of geometric kinks in dislocations in
the secondary Peierls’ relief.

Annealing of samples of the UFG copper at
temperatures lower and higher than the primary
recrystallization temperature led to substantial changes in
the parameters of the dynamic Bordoni relaxation (see
Figs. 1, 2 a,b).
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Fig. 2. The effect of annealing on (a) the height &, max Of
the Bordoni peak, (b) the parameter of the distribution g of
the relaxation time (peak width, see text) and (c) the
mobile dislocations density p,. Tr is the primary
recrystallization temperature of highly deformed copper.

First of all, a significant and systematic decrease in the
height of the relaxation component of the P; peak with
increasing annealing temperature T,,, should be noted
(Fig. 2a). It is known that the height of the dynamic
relaxation peaks is determined by the product of the
number of acting elementary relaxation entities and their
individual contribution to the relaxation. For the Bordoni
peak, it was shown [4] that the upper limit of its height &
max 1S determined by the expression

5 _”szm
I max 24

, ®)

here L is the average length of the dislocation segments
and pn, is the density of mobile dislocations contributing
to the dynamic relaxation. This allows one to obtain with
certain omissions an estimate of the dislocation density:

249,
pm = = ©)

It should be noted that the use of the experimentally
observed & ; max In the expression (6) leads to a very
underestimated value of the dislocation density. This is

due to the fact that the observed peaks of dynamic
relaxation often turn out to be much wider than
expression (1) predicts for Debye-type relaxation with a
single 7 [8]. The broadening of the relaxation peak is
accompanied by a decrease in its height and may have
various reasons, among which one of the main ones is the
presence of a spectrum of relaxation timesz, due to the
existence of nonequivalent conditions for the motion of
elementary relaxators in a real crystal. The mechanism of
broadening of peaks and a decrease in their height due to
a spread in relaxation times was considered in detail by
Nowick and Berry [8], who used the Gaussian distribution
of the variable z = In (#/z,), where 7, is the average
relaxation time at a given temperature. The probability
density of this distribution is

exp{—(z/ﬂ)z}
O(2)=——, (1
Bz

here g is a parameter characterizing the width of the
distribution of the relaxation time (for z = g the value 24
is equal to the width of the distribution at a relative height
I/e). Taking into account the distribution of 7, expression
(3) takes the form:

_ 5r max T 2
S = Ir :Lexp[—u J sech(x+ 4u) du, (8)
where u = /4, x = In(wty,) (if in the experiment the
oscillation frequency varies at a constant temperature) or

Hf(1 1
(7 ®

in the case when in the experiment changes the
temperature but the oscillation frequency remains almost
constant.

For g > 0, the width of the experimentally observed
peak increases and the height decreases. This should be
taken into account when treating the results of the
experiment in order to obtain quantitative information on
parameters of the elementary relaxators (in particular, the
parameters of the dislocation subsystem). Empirical
expressions were obtained in [15] for dynamic relaxations
of the Debye and Koiwa-Hasiguti types which allow one
to determine from the experiment the values of g and a
corresponding decrease in the height of the relaxation
peak. By numerical methods, a relationship was
established between g and the ratio r

B = (r-1)"* +1.493(r-1), (10)
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Here A(L/T;)(0)and A@Q/TS)(B) are the peak widths
when g = 0 and g > 0, respectively. The width of the
Debye peak can be determined from the expression [7]:
A@L/TS)(0) =2.725k/H . (12)
The decrease in the height of the Debye peak with an
increase in S is described by the expression

Snoe (B) =5, (0) (0.05+ (13)

0.45 j
1+0.2338%
and should be taken into account when determining the
dislocation density by the height of the Bordoni peak. In
Fig. 2b, the dependence of S on the annealing temperature
Tann IS shown, and in Fig. 2c the density of mobile
dislocations is presented which was obtained taking into
account expression (13). It is appropriate to note here that
the height of the Bordoni peak in UFG copper obtained by
equal channel angular pressing (ECAP) [14] turned out to
be several times higher than in the present work. This
may indicate that, when using ECAP, the dynamic
recovery processes are less intensive than during
hydroextrusion and drawing and a higher dislocation
density is created in the samples.

In addition to the dislocation density, the study of the
Bordoni relaxation can provide important experimental
information on other parameters of the dislocation
structure of the metal under study, in particular, on the
characteristics of the interaction of dislocations with the
crystal lattice and overcoming by moving dislocations the
Peierls’ potential relief.

According to Seeger’s theory and its subsequent
modifications [4, 6, 7], the activation enthalpy H of the
Bordoni peak is approximately equal to the energy
required for the formation of a pair of kinks of opposite
signs at the dislocation

H = 2w, (14)

where W, is the energy of a single kink formation equal to

4a, ( Capbrp /2
Wk = .
v 27

(15)
Here C = Gb2/2 is the linear energy of the dislocation, ap

is the period of the Peierls’ potential relief, b is the
module of the Burgers vector, G is the shear modulus, and
7p IS the Peierls stress calculated in terms of a simple

model (Peierls’ sinusoidal potential) without taking into
account thermal activation and quantum effects. Using
(14) and (15), an estimate of the Peierls’ stress for the
UFG copper was obtained:

72'3H2

=—— =19 MIla ~ 2.5107*G .
16a; b°G

Tp (16)

When calculating with (16), the following values were
used: H=0.09 eV, a ~ b =2.56-10""m, G = 75.5 GPa.

3.2. X-ray diffraction analysis. The results of X-ray
diffraction measurements are shown in Fig. 3.

Fig. 3a shows the changes in the lattice parameter a of
UFG copper during annealing. Annealing leads to an
increase in the lattice parameter by 1.2% in the range of
annealing temperatures near 150 °C with a subsequent
exit to the plateau starting from T,,, ~ 200 °C. It should
be noted that the value of a in the SPD treated samples is
noticeably lower, and in the annealed samples it is
noticeably higher than in the samples of coarse-grained
well-annealed copper. The reason may be the presence of
internal stress fields created during SPD processing and
their evolution during annealing (see Fig. 3 b).

T T ) T T

0.366 - | s o

E 0.364 .
= 0.362 ]

0.360 |
61 | (b) -

Fig. 3. The effect of annealing on: (a) the lattice parameter
a, (b) microdistortion ¢ in the lattice, (c) the mean CSR
diameter <D>. The horizontal dashed line shows the value
of a in coarse-grained fully annealed copper and the
vertical one shows the temperature of primary
crystallization of highly deformed copper.

Calculated X-ray parameters, the microstrains & (Fig.
3b) and the mean size of CSR <D> (Fig. 3c), show that
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the SPD technology used for wire producing leads to high
microstrains (¢ ~ 6-10°) and small values of the CSR
(domain size is about 100 nm at the average grain size of
~ 200 nm.). As a result of sample annealing, the
microstrains decrease and the mean size of CSR
increases. First may be due to both lowering dislocation
density as well as to recrystallization processes at
annealing temperatures T,,, > Tg. The latter is caused
mainly by recrystallization. As it was established in [3],
copper wires prepared by hydroextrusion and drawing
have strong crystallographic texture that significantly
changes during annealing at T,,, > Tr.

The integrated average dislocation density pay
obtained from the X-ray diffraction experiments appears
to be almost 2 orders of magnitude higher than the density
of mobile dislocations p, given by the acoustic
spectroscopy method (Fig. 4).
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Fig. 4. Change in the average dislocation density in the
samples of UFG copper obtained by X-ray diffraction. The
dashed line shows the primary crystallization temperature
of highly deformed copper.

In addition, the temperature range, in which the most
intensive changes in the dislocation density occurs, in the
X-ray experiment is shifted by 30—40 °C towards higher
temperatures. However, it can be argued that the data on
the effect of annealing on the dislocation density obtained
by both methods are in qualitative agreement with each
other; in particular, a decrease in the dislocation density
of the same order of magnitude is observed.

Conclusions

1. Acoustic spectroscopy and X-ray diffraction
methods have been used to study the effect of annealing
on the parameters of the dislocation structure of the UFG
copper obtained by hydroextrusion and drawing.
Annealing was carried out in the temperature range 90—
430 °C, including the primary recrystallization
temperature of highly deformed copper T ~ 135 °C.

2. From acoustic measurements, an estimate of the

density of mobile dislocations py, which contribute to the
low-temperature dynamic relaxation of Bordoni was
obtained. It turned out to be 5 times lower than in the
UFG samples of copper obtained using equal channel
angular pressing (ECAP).

3. As a result of annealing, the density of mobile
dislocations decreases by almost an order of magnitude.
The most intense decrease in p, occurs at annealing
temperatures near the primary recrystallization
temperature of highly deformed copper.

4. From acoustic measurements, an estimate of the
Ist order Peierls’ stress in copper was also obtained:
7p =19 MPa ~ 2.510G..

5. In parallel with the acoustic measurements, the
average integral dislocation density p,, of the annealed
samples was investigated by X-ray diffraction, which
turned out to be two orders of magnitude larger than the
value pr, obtained from acoustic measurements.

6. Despite the quantitative difference, the data on
the effect of annealing on the dislocation density obtained
by both methods are in qualitative agreement with each
other, in particular, with an increase in the annealing
temperature, a decrease in the dislocation density of the
same order of magnitude is observed.
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