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The microstructure of alloys of the Cu – Cr – Zr system after equal channel angular pressing and aging is in-

vestigated by scanning and transmission electron microscopy. Mechanical properties and electrical conducti-

vity are determined. Recovery and additional precipitation of dispersed particles are observed in deformed al-

loys after annealing at temperatures of 200 – 500°C, but static recrystallization does not develop. Increasing

the annealing temperature to 600°C is accompanied by development of recrystallization, and a completely

recrystallized structure is observed within the alloy with a minimum content of alloying elements, while de-

formed areas are found in alloys with a high content of chromium and zirconium. The influence of structural

evolution on mechanical properties and electrical conductivity is discussed.

Key words: Cu – Cr – Zr alloys, plastic deformation, aging, microstructure, mechanical proper-

ties, hardness, electrical conductivity.

INTRODUCTION

Low-alloy copper alloys of the Cu – Cr – Zr system are

thermally strengthened alloys, which due to good strength

properties and electrical conductivity find application within

many branches of the electrical engineering industry with

preparation of conductor contacts, contact welding elec-

trodes, electric motor commutators, contact conductors for

high-speed railways, etc. [1 – 4]. Performance of heat treat-

ment for a supersaturated solid solution with subsequent age-

ing facilitates formation within the structure of fine Cr and

Cu
3
Zr particles, which provide an increase in alloy strength

properties by 100 – 150 MPa [5 – 9]. In this case separation

of particles causes a reduction in the concentration of substi-

tution atoms within a copper matrix, which facilitates prepa-

ration of good electrical conductivity properties (more than

80% of the electrical conductivity of pure copper) (% IACS)

[10, 11].

An additional increase in strength without a significant

reduction in electrical conductivity may be added due to use

of plastic deformation methods [11, 12], such as equal chan-

nel angular pressing (ECAP). It has been demonstrated that

ECAP according to the Conform system may be used for

producing long workpieces and subsequent adaptation for in-

dustrial production [13, 14]. Performance of ECAP for

low-alloy copper Cu – Cr – Zr alloys facilitates formation of

a high density of low-angle boundaries of deformation origin

which increases their misorientation with an increase in the

degree of deformation and they are transformed into

large-angle boundaries. Therefore, during ECAP there is

original grain refinement and formation of an ultrafine grain

(UFG) structure with a high dislocation density [15 – 17].

These structures exhibit high internal stresses and are charac-

terized by a high moving force for development of static

recrystallization. For a pure copper UFG the temperature for

the start of relaxation is 160°C, which about 60°C below for

coarse-grained copper [18]. It is well known [5, 19 – 28] that

the annealing temperature with which hardness of

Cu – Cr – Zr-alloys is reduced by 20% is within the tempera-

ture range 500 – 600°C (Fig. 1). However, the effect of alloy-
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ing elements within these alloys on development of static re-

covery and recrystallization, as for the main softening factor,

has not been studied adequately within publications.

The aim of the present work is a study of the effect of

chemical composition on recovery and recrystallization pro-

cesses, and also the change in mechanical properties and

electrical conductivity of low alloy Cu – Cr – Zr-alloys after

ECAP and annealing at different temperatures.

METHODS OF STUDY

Three Cu – Cr – Zr-alloys were studied with different Cr

and Zr contents, whose chemical composition is provided in

Table 1. Alloys were prepared using casting into a mold.

Workpieces were subjected to heating by a regime: exposure

within a muffle furnace at 920°C for 1 h, water cooling in or-

der to obtain a supersaturated solid solution, and aging for

maximum strength. The effect of aging temperature and time

on strength an electrical conductivity of the alloys in ques-

tion is similar to that discussed in [6]. Alloys Cu – 0.9Cr –

0.1Zr and Cu – 0,3Cr – 0.5Zr3 were subjected to aging at

450°C, 1 h, and alloy Cu – 0.1Cr – 0.1Zr at 550°C, 4 h cool-

ing after aging was accomplished in water. From billets spe-

cimens were cut with a size of 12 � 12 � 100 mm and ECAP

was conducted within equipment with an intersection angle

for die channels of 90° over a B
C

path. The ECAP tempera-

ture for alloys Cu – 0.1Cr – 0.1Zr and Cu – 0.3Cr – 0.5Zr

was 400°C, and for alloy Cu – 0.9Cr – 0.1Zr it was 200°C.

There was accomplishment of 12, 8 and 4 ECAP passes for

alloys Cu – 0.1Cr – 0.1 Zr, Cu – 0.9Cr – 0.1Zr and Cu –

0.3Cr – 0.5Zr respectively. Plastic deformation accomplished

formation within alloys of an UFG structure with a similar

grain size of the order to 1 �m. The alloys were annealed in

the temperature range 200 – 700 for 1 h followed by water

cooling.

Microstructural analysis was performed by means of a

Quanta 600 Fei scanning electron microscope fitted with an

attachment for analyzing back scattered electron diffraction.

Specimens for study were subjected to treatment upon grind-

ing paper with a different grain size and polished with dia-

mond paste with an abrasive element size of the order to

3 �m. Then electrochemical polishing was accomplished

within 25% HNO
3

+ 75% CH
2
OH at room temperature and a

voltage of 10 V. Maps were plotted by means of OIM Analy-

sis software for the crystallite boundary distribution, and for

microdeformation (Kernel Average Misorientation function)

and scatter of misorientation within a grain (Grain Orienta-

tion Spread function). The average grain size was determined

by averaging horizontal and vertical sections, and the aver-

age boundary misorientation angle and proportion of large

angle boundaries (LAB) (boundary between crystallites with

a misorientation angle > 15°), microdeformation (average

angle between two neighboring points of a study separated

by the scanning pitch), average scatter and misorientation

within a grain, dislocation density, calculated from mis-

orientatons and low angle boundaries (LAB) density, were

determined by means of an approach proposed in [29].

Transmission electron microscopy (TEM) was performed

within a JEOL 2100 microscope. Specimens were prepared

by electrochemical polishing within a 25% HNO
3

– 75%

CH
3
OH electrolyte at 20°C and a voltage of 10 V.

Mechanical properties were determined in uniaxial ten-

sion in an Instron 5882 equipment. The deformation rate was

2 mm�min. Vickers hardness was determined in a Wolpert

420 MVD test machine with a load upon the indenter of

200 g, exposure time 15 sec. Loss of strength F
HV

was deter-

mined by an equation

F
HV

=
HV HV

HV HV

idef

def rec

�

�

, (1)

where HV
def

is alloy hardness after deformation; HV
i
is hard-

ness after the corresponding treatment; HV
rec

is alloy hard-

ness within an entirely recrystallized condition.

Electrical conductivity was measured by a vortex method

using a Konstanta K-6 measuring instrument. The proportion

of supersaturated solid solution decomposition (F
deco

) was
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TABLE 1. Chemical Composition of Alloys of the Cu – Cr – Zr

System Studied

Alloy

Element content,* wt.%

Cr Zr

Cu – 0.1Cr – 0.1Zr 0.10 0.06

Cu – 0.3Cr – 0.5Zr 0.30 0.50

Cu – 0.8Cr – 0.1Zr 0.87 0.06

*
Balance copper.
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Fig. 1. Dependence of weakening temperature (T) on chemical

composition of alloys of the Cu – Cr – Zr system.

3
Here and subsequently throughout the test alloy composition

(apart from indicated cases) is given in fractions, expressed as a %.



determined from the change in electrical conductivity in ac-

cordance with the procedure in [30].

RESULTS AND DISCUSSION

Microstructure. Distribution maps are provided in Fig. 2

for typical microstructures formed within alloys after defor-

mation and annealing at different temperatures. During de-

formation within Cu – Cr – Zr-alloys there is formation of

SAB, which increase misiorientaion with an increase in the

degree of deformation and they are transformed into LAB

[10, 15 – 17, 31]. Therefore, after ECAP to the greatest ex-

tent there is formation of a UFG structure with a proportion

of LAB of about 50%. The form of new ultrafine grains was

similar to equilibrium. Within alloys Cu – 0.1Cr – 0.1Zr and

Cu – 0.3Cr – 0.5Zr microdeformation is concentrated mainly

close to SAB, whereas within alloys Cu – 0.9Cr – 0.1Zr a

high level of microdeformation is observed within grains.

After deformation within all alloys considerable scatter is

observed for misorientation within grains. Annealing in the

temperature range 200 – 500°C does not lead to marked

changes within the microstructure. It may be noted that the

level of microdeformation and misorientation scatter within

a grain is reduced a little, which may be a consequence of de-

velopment of recovery. An increase in annealing temperature

to 600°C is accompanied by development of static

recrystallization. Grain size increases, the proportion of SAB

decreases, and there is formation of a considerable twin

boundaries �3. The level of microdeformation and scatter of

intergranular misorientations is reduced considerably. Within

alloy Cu – 0.9Cr – 0.1Zr and entirely recrystallized structure

is observed, but within alloys Cu – 0.9Cr – 0.1Zr and Cu –
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Fig. 2. Microstructure of alloys Cu – 0.1Cr – 0.1Zr (I), Cu – 0.9Cr – 0.1Zr (II) and Cu – 0.3Cr – 0.5Zr (III) after

deformation (a), deformation and annealing at 500°C (b ) and 600°C (c). Presented for each condition: A ) grain

boundary distribution map (black lines are LAB; gray lines are SAB; red lines are �3 boundaries; B ) is micro-

strain map; C ) is scatter of orientations within a grain.



0.3Cr – 0.5Zr deformed sections are retained. Alongside

grains free from internal defects, regions are encountered

with a high level of microdeformation and scatter on intra-

granular misorientations.

Curves are provided in Fig. 3 for the dependence of

Cu – Cr – Zr alloy microstructure parameter on annealing

temperature. In low-alloy copper alloy Cu – 0.1Cr – 0.1Zr

the average grain diameter (GD) is almost unchanged up to

500°C and comprises 0.8 – 0.9 �m. However, after annealing

at temperatures above 600°C as a result of development of

recrystallization the average grain size increases consider-

ably (up to about 5 �m). Within Cu – 0.9Cr – 0.1Zr and Cu –

0.3Cr – 0.5Zr alloys with an increase alloying element con-

tent after annealing at a temperature above 600°C the aver-
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(e), and dislocation density � ( f ) on alloy annealing temperature (T
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age grain size does not change so much as within regions

with a deformed structure: d
g

= 1.14 and 2.13 �m respec-

tively. Development of static recrystallization is accompa-

nied by an increase in the proportion of LAB, and the aver-

age boundary misorientation angle. The rate of increase in

the proportion of LAB and average misorientation increase

after annealing with T
ann

> 600°C, reaching after annealing

at 700°C values of 0.9 and 42 – 48° respectively, outside the

dependence on alloy chemical composition. The average

value of microdeformation after ECAP forced within

Cu – Cr – Zr-alloys changes in the range 8 – 12 deg��m. Af-

ter annealing at 200 – 500°C microdeformation within alloy

Cu – 0.9Cr – 0.1Zr varies within the range 9 – 11 deg��m.

In contrast to this within alloys Cu – 0.1Cr – 0.1Zr and

Cu – 0.3Cr – 0.5Zr there is a gradual reduction in micro-

deformation from 8 to 5 deg��m. An increase in annealing

temperature from 600°C to 700°C leads to a sharp reduction

in microdeformation to 2 – 5 deg��m independent of the

chemical composition as a result of development of static

recrystallization. The average scatter of misorientaion within

a grain is determined by the chemical composition and an-

nealing temperature. The maximum scatter in misorientation
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within a grain (above 1.5°) is observed within alloy Cu –

0.3Cr – 0.5Zr after deformation and annealing at 200 – 600°C,

and the minimum misorientation (less than 0.8°) is observed

within alloy Cu – 0.1Cr – 0.1Zr after deformation and an-

nealing at 200 – 500°C. After annealing at temperatures

above 600°C the scatter of misorientation within a grain de-

creases considerably. An increase in annealing temperature

to 700°C leads to a reduction in scatter of misorientations

within a grain to 0.3 – 0.6° independent of the chemical com-

position. Dislocation density is weakly reduced after anneal-

ing at temperatures up to 500°C. An increase in annealing

temperature to more than 600°C leads to a reduction in dislo-

cation density within Cu – Cr – Zr alloys by almost an order

to magnitude.

After deformation within the structure of low-alloy cop-

per alloys fine particles are observed with sizes of 2 – 5 nm

(Fig. 4). Within Cu – 0.1Cr – 0.1Zr the volume fraction of

particles is smaller than within alloys with a higher alloying

element content. Annealing with T
ann

= 500°C leads to ap-

pearance of fine particles, and their size remains within the

range 3 – 5 nm. An increase in annealing temperature to

600°C is accompanied by an increase in fine particles, which

acquire a lens shape. The longitudinal size of particles is

10 – 15 nm the transverse size is 3 – 5 nm.

Hardness and electrical conductivity. Results of deter-

mining hardness and electrical conductivity of alloys of the

Cu – Cr – Zr system are provided in Fig. 5. Alloys Cu –

0.9Cr – 0.1Zr and Cu – 0.3Cr – 0.5Zr have similar values of

hardness both after deformation (170 – 180 HV ) and after

annealing. After annealing at 300 – 400°C an increase in

hardness is observed by 5 – 10 HV within all alloys. A signif-

icant loss of strength is observed after annealing at 600°C:

the hardness of alloys Cu – 0.1Cr – 0.1Zr; Cu – 0.9Cr –

0.1Zr; Cu – 0.3Cr – 0.5Zr comprises 93 HV, 98 HV, and

111 HV respectively. After annealing at 700°C alloy hardness

does not depend upon chemical composition and does not

exceed 90 HV.
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Electrical conductivity increases with an increase in an-

nealing temperature. After deformation of Cu – 0.1Cr –

0.1Zr, Cu – 0.9Cr – 0.1Zr, Cu – 0.3Cr – 0.5Zr alloys their

conductivity equals 79% IACS, 85% IACS, 71% IACS re-

spectively. The maximum conductivity within alloys Cu –

0.1Cr – 0.1Zr alloys Cu – 0.9Cr – 0.1Zr is observed after an-

nealing at 600°C and it reaches 92 – 93% IACS. In this case

the rate of increase in electrical conductivity is higher within

alloy Cu – 0.1Cr – 0.1Zr. After annealing at 400°C the elec-

trical conductivity of Cu – 0.1Cr – 0.1Zr and Cu – 0.9Cr –

0.1Zr alloys comprises 91% IACS and 86% IACS respec-

tively. For alloy Cu – 0.3Cr – 0.5Zr a higher electrical con-

ductivity (75% IACS) is observed after annealing 450°C.

A further increase in annealing temperature for this alloy

leads to a gradual reduction in conduction properties. i.e., by

up to 66% is the IACS after annealing at 700°C. In contrast

to this after similar treatment the electrical conductivity of

alloy Cu – 0.1Cr – 0.1Zr comprises 84% IACS.

The maximum proportion of supersaturated solid solu-

tion within the composition is observed within alloy with the

minimum alloying element content (Fig. 5c ). Within alloy

Cu – 0.1Cr – 0.1Zr during annealing up to 30% of particles

may be separated. This facilitates an increase in the amount

of obstacles for dislocation movement and fastening, which

provides a maximum relative increase in alloys Cu – 0.1Cr –

0.1Zr hardness after annealing compared with the rest of the

test alloys.

Recovery and recrystallization kinetics. A reduction in

dislocation density after annealing is connected with reco-

very, which includes annihilation of dislocations of different

signs, absorption of dislocations by grain boundaries, and co-

alescence of subgrain boundaries [32, 33]. Knowing the dis-

location density within deformed (�
def

) and entirely recrys-

tallized structure (�
rec

), it is possible to consider the propor-

tion of recovery by an equation [34]:

F
reco

=
� �

� �

def

def rec

�

�

i
, (2)

where �
i
is current dislocation density.

Grain growth with minimum internal distortions, free

from dislocations, is connected with development of recrys-

tallization. As a result of this the proportion of recrystallized

grains corresponds to the proportion of grains with low scat-

ter of intragranular misorientations (< 1°) [35].

Kinetics for development of recovery and recrystalli-

zation are provided in Fig. 6. A change in the proportion of

recovery or recrystallization (F ) in relation to annealing time

(t ) obeys a sigmodal rule that may be described by an

Avrami–Kolmogorov equation [33, 35]:

F = 1 – exp �

�

	






�

�






�

	







�

�







t

Q RT

n

�
0

exp ( )/
, (3)

where T is temperature; Q is process activation energy, in the

case of recovery it equalled Q = 48 kJ�mole [36], in the case

of recrystallization Q = 175 kJ�mole [20]; R is universal gas

constant and n and �
0

are constants. With transformation of

this expression it is possible to obtain a linear dependence of

ln (ln (1�1 – F )) on ln t �, where t � = t exp (– Q�RT ) is ther-

mal compensation time. By means of this relationship it is

possible to find constants n and �
0
. Constant n characterizes

the process rate and �
0

its incubation period.

It is seen from Fig. 6 that the greatest incubation reco-

very period is observed within alloy Cu – 0.9Cr – 0.1Zr. The

recovery rate within alloys with a high alloying element con-

tent is quite similar, and constant n is approximately 0.3. At

the same time, the constant n for alloy Cu – 0.1Cr – 0.1Zr is

higher by almost a factor of three (n = 1.03), than for alloys

with a higher alloying elements content. in [6] it has been

demonstrated that particles, precipitated within alloys Cu –

0.1Cr – 0.1Zr, are inclined towards more accelerated growth

at 500 – 600°C than within alloy Cu – 0.9Cr – 0.1Zr which

may explain the high rate of recovery during annealing, since

particle growth is connected with a reduction in their numeri-

cal density, i.e., with a reduction in the number of hindrances

for dislocation and subgrain boundary movement.

The greatest incubation period for development of

recrystallization is observed within alloys with a high alloy-

ing element content. after annealing at 600°C the proportion

of recrystallized grains comprises 0.2; 0.8; 1.0 within alloys

Cu – 0.3Cr – 0.5Zr, Cu – 0.9Cr – 0.1Zr, and Cu – 0.1Cr –

0.1Zr respectively, i.e., the structure is entirely recrystallized

only within alloy Cu – 0.1Cr – 0.1Zr. Recrystallization is

connected with grain boundary movement. Addition of chro-

mium and zirconium facilitates an increase in volume frac-

tion of separated particles, which causes an increase in of

Ziner forces retarding recrystallization and the incubation

period for recrystallization development [32, 33, 37, 38]. Al-

loys Cu – 0.1Cr – 0.1Zr and Cu – 0.9Cr – 0.1Zr have a simi-

lar recrystallization development rate, although it is higher

within alloy with the minimum alloying element content.

Mechanical properties. Provided in Fig. 7 are “stress –

relative elongation” curves for copper alloys after deforma-

tion and annealing at different temperatures. Since alloy Cu –

0.1Cr – 0.1Zr contains a smaller amount of alloying ele-

ments, ad as a consequence a smaller proportion of fine parti-

cles, its tensile curve in a deformed condition is character-

ized by the least flow stress. The strongest alloy is Cu –

0.9Cr – 0.1Zr, which may be connected with the smallest

grain size and greatest dislocation density than for the rest of

the alloys studied. After deformation all alloys have a small

region of equilibrium elongation, comprising 1 – 2%. Inde-

pendent of chemical composition deformation is rapidly lo-

calized within a specimen neck, which may be connected

with the slow mobility of dislocations due to their high den-

sity. Annealing facilitates an increase in the equilibrium

elongation stage and overall ductility.

Within alloy Cu – 0.1Cr – 0.1Zr there is no significant

change in flow stress up to 500°C. Yield strength changes

within the range �
0.2

= 370 – 375 MPa, ultimate strength �
r
=
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400 – 405 MPa (Fig. 8). In alloy Cu – 0.9Cr – 0.1Zr strength

properties are stable up to 400°C: �
0.2

= 500 – 535 MPa, �
r
=

540 – 550 MPa. Annealing at 500°C causes a reduction in

strength properties by 20 MPa.

Annealing alloy Cu – 0.3Cr – 0.5Zr leads to a gradual re-

duction in strength properties. After annealing at 500°C: �
0.2

is reduced from 480 to 380 MPa, �
r
from 510 to 405 MPa. A

twofold reduction in strength properties and an increase in

ductility properties is observed after annealing at 600 –

700°C within all alloys.

The change in strength properties with an increase in an-

nealing temperature may be connected with several pro-

cesses: recovery, recrystallization, and separation of fine par-

ticles. During recovery there is a reduction in dislocation

density and as a consequence a reduction in dislocation

strengthening �
disl

, which may be evaluated by means of a

Taylor equation:

�
disl

= �MGb �, (4)

where � is a constant, which normally equals 0.24 [40]; M is

Taylor factor, for FCC-materials M = 3.06; G is Young’s mo-

dulus, for copper G = 42.1 GPa [41], b = 2.56 � 10
– 10

m is

Burgers factor [42]; � is dislocation density.

During recrystallization there is grain growth, free from

dislocations. A change in gain boundary strengthening �
H-P

with an increase in annealing temperature may be deter-

mined by means of Hall–Petch equation [41];

�
H-P

= k
y

D
– 0.5

,

where k
y

is Hall-Petch coefficient, for Cu – Cr – Zr alloys

k
y

= 0.11 [17]; D is grain size.

With an increase in annealing temperature there is an in-

crease in volume fraction and size of fine particles within

Cu – Cr – Zr alloys which leads to a change in precipitation

hardening. Assuming that within the test alloys dislocation

interaction with particles is by an Orowan mechanism, it is
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possible to calculate the precipitation hardening by the fol-

lowing equation [40]:

�
p

=
04 2

1

. ln ( )MGb R b/

�� ��

, (6)

where R is particle radius; � = 0.35 is Poisson coefficient;

� is interparticle distance.

Calculated and experimental results are provided in Ta-

ble 2 for evaluation of the change in yield strength and the

different strengthening contributions for low- and high-alloy

materials after annealing at 500 and 600°C compared with a

deformed condition. It is seen that calculated data are in good

agreement with experimental data. Stability of mechanical

properties within alloys Cu – 0.1Cr – 0.1Zr in the tempera-

ture range 300 – 500°C is due to compensation for a reduc-
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0 – 700°C.

TABLE 2. Change in Experimental ��0.2exp and calculated ��0.2calc Yield Strength and Strengthening Contributions

of Cu – Cr – Zr-Alloys after Annealing Compared with a Deformed Condition

Alloy T
ann

, °C ��
0.2exp

, MPa ��
0.2calc

, MPa ��
disl

, MPa ��
H-P

, MPa ��
part

, MPa

0.1Cr – 0.1Zr 500 0 20 55 – 10 – 25

600 250 279 176 67 36

0.3Cr – 0.5Zr 500 100 109 111 10 – 12

600 275 278 138 14 126

Notations: ��
0.2exp

is the difference in experimental yield strengths after ECAP and ECAP + annealing; ��
0.2calc

is

the difference of the sum of strengthening contributions (dislocation, grain boundary, and dispersion) after ECAP and

ECAP + annealing; ��
disl

, ��
H-P

, and ��
part

are the difference in dislocation, grain boundary and dispersion

strengthening after ECAP and ECAP + annealing, calculated by Eqs. (4), (5) and (6) respectively.



tion in strength connected with development of recovery, by

an increase in precipitation hardening due to separation of

fine particles as a result of breakdown of supersaturated solid

solution. At the same time, a significant reduction in disloca-

tion strengthening after annealing at 500°C prevails over pre-

cipitation hardening, which leads to a reduction in yield

strength by 100 MPa compared with this value for alloy in a

deformed condition. Annealing at 600°C leads to particle

growth and development of recrystallization, and as a conse-

quence to a significant reduction in all strength factors and

overall yield strength to 250 – 275 MPa.

CONCLUSIONS

Research results for the effect of annealing on evolution

of the microstructure, physical and mechanical properties of

low-alloy copper alloys of the Cu – Cr – Zr system after de-

formation make it possible to draw the following conclu-

sions.

1. Annealing at 200 – 500°C leads to development of re-

covery and reduction in dislocation density within copper al-

loys. An increase in annealing temperature to 600°C facili-

tates alloy static recrystallization. Within alloy with a low al-

loying content a fast recovery rate is observed. A high con-

centration of chromium and zirconium provides an increase

in recrystallization incubation period. After annealing alloy

Cu – 0.3Cr – 0.5Zr at 600°C the proportion of recrystallized

grains within it is 0.2, but within alloy with the minimum

chromium content there is formation of a recrystallized

structure.

2. Annealing at 200 – 600°C provokes supersaturated

solid solution decomposition and delivery of fine particles

within alloys. The maximum relative proportion of solid so-

lution breakdown is observed within alloy with the minimum

alloying element content.

3. Alloy with a low alloying element content has the least

yield strength after deformation, although it has the greatest

mechanical property stability after annealing in the tempera-

ture range 200 – 500°C. Alloy strength properties with a high

chromium and zirconium content in a deformed condition

are 100 MPa higher than in alloy with the minimum alloying

element content. Annealing at 500°C leads to alloy loss of
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strength with a high chromium and zirconium content by

85 – 100 MPa.

4. The stability of alloy properties with a low alloying

element content after annealing in the temperature range

200 – 500°C is explained by compensation of the reduction

in dislocation strengthening by an increase in precipitation

hardening. Within alloys with a high alloying element con-

tent a relatively small change in the proportion of supersatu-

rated solid solution decomposition and development of re-

covery causes a reduction in yield strength. Particle growth

and development of recrystallization after annealing at

600°C leads to alloy mechanical property degradation inde-

pendent of the degree of alloying, although for alloys with a

high alloying element content strength properties are

50 – 150 MPa higher than for low-alloy material.
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