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Abstract: Copper alloys based on the Cu—Zn system, in particular L68 brass, are promising structural materials.
However, to improve their reliability and expand the scope of application, it is necessary to enhance their strength
characteristics. In this work, the influence of a combination of rotary swaging (RS) and subsequent annealing on
the structure, strength and ductility of L68 brass was studied. For this purpose, the alloy microstructure was studied
in the quenched and deformed states, mechanical tests for uniaxial tension, a Brinell hardness study, and an assess-
ment of structural and phase transitions using differential scanning calorimetry were carried out. It was found that
during rotary swaging, both a-phase grains elongated along the deformation direction and an ultrafine-grained struc-
ture inside them consisting of subgrains, deformation twins and shear bands are formed. Subsequent annealing
at 450 °C leads to an increase in the grain size to 3—5 pm due to static recrystallization. After rotary swaging, an in-
crease in the offset yield strength (o) and ultimate tensile stress limit (o) by ~10 and ~3.5 times, respectively, is
observed with a decrease in the relative elongation value by more than 6 times. Subsequent annealing at 450 °C,
which caused the formation of a recrystallised structure, led to a decrease in the strength characteristics of L68 brass
relative to the deformed state with a simultaneous increase in the relative elongation value compared to both the de-
formed and the initial state of the alloy. However, it is worth noting that 6, and og of L68 brass after rotary swaging
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and subsequent annealing at 450 °C exceed the values for the quenched alloy by an average of ~2.5 and ~1.7 times,
respectively, and exceed the values regulated by GOST 494-90, GOST 1066-2015, GOST 931-90, and GOST 5362-78.
Keywords: 168 brass; rotary swaging; ultrafine-grained structure; recrystallization; strength; ductility.
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INTRODUCTION

Copper and its alloys are widely used in the electrical
industry due to their excellent electrical conductivity [1].
However, copper alloys, in particular alloys of the Cu—Zn
system, are also used as structural materials in shipbuild-
ing and aircraft construction, the petrochemical industry,
in the production of pipes and plumbing products, as well
as refrigeration equipment and military products [2]. This
use of brasses is caused by their high corrosion resistance,
non-magnetic nature and good formability, as well as by
a balance of strength and ductility [3]. Brass with a zinc
content of up to 37 % is single-phase and is an a-solid
solution with a face-centered cubic lattice [4]. Single-
phase o-brass with a low zinc content is more resistant to
corrosion and dezincification processes compared to two-
phase (a+p)-brasses [5; 6]. However, the main disadvan-
tage of single-phase brasses is their low strength charac-
teristics. Precipitation hardening and grain refinement by
deformation treatment can improve the mechanical prop-
erties and, consequently, expand the scope of application
of brass. In this case, by refining the microstructure to
an ultrafine-grained (UFG) and/or nanosized structure, it
is possible to achieve a significant increase in the strength
of copper alloys. Nano- and UFG structures in metals and
alloys can be formed by the severe plastic deformation
(SPD) methods [7]. The most popular SPD methods ap-
plied to copper alloys are high-pressure torsion [8], equal-
channel angular pressing (ECAP) [9], multi-axial forging
[10], etc. Thus, in [11], the authors managed to achieve
a combination of relatively high strength and ductility in
the Cu—30Zn alloy treated with ECAP. In this case, the ul-
timate tensile stress limit of the alloy was 565 MPa,
the yield strength was 250 MPa, and the relative elonga-
tion was 20 %. In another work, after ECAP, it was pos-
sible to achieve significant strengthening of the Cu—30Zn
alloy (0(,=542 MPa, op=692 MPa) accompanied by
a strong drop in ductility (up to 6=5.6 %) [11]. However,
despite the advantages of SPD methods for strengthening
metals and alloys, their application in industry is still hin-
dered. Therefore, the development of processing modes
that allow obtaining a UFG structure in copper alloys
without using SPD methods is an urgent task.

In copper alloys, it is possible to obtain a UFG struc-
ture by using traditional deformation methods. For ex-
ample, in work [12], a UFG structure was obtained in
Cu-30Zn brass using cryogenic rolling followed by re-
crystallization annealing. In this case, a decrease in
the average grain size to 0.5 um with a proportion of high-
angle boundaries equal to 90 % made it possible to double
the strength of the original alloy. Another traditional de-

formation method successfully used to improve the physi-
cal and mechanical properties of materials by creating
a UFG structure is rotary swaging (RS). Traditionally, this
method is used to manufacture hollow and solid, cylindri-
cal and stepped shafts and axles with a round and faceted
cross-section, therefore, its manufacturing application is
not difficult, unlike SPD methods [13]. Currently, rotary
swaging is successfully used to refine the structure of
structural titanium [14; 15] and aluminium [16] alloys,
steels [17] and other materials. Previously, we have al-
ready demonstrated the potential of rotary swaging for
producing a UFG structure in copper alloys: thus, studies
were conducted on the influence of rotary swaging on
the microstructure, mechanical properties and electrical
conductivity of Cu—0.8%Hf [18], Cu—0.77%Cr—0.86%Hf
[19] and Cu—0.5%Cr—0.08%Zr [20; 21] alloys. In these
alloys, due to the formed UFG structure, as well as the de-
position of particles rich in Cr, Zr and Hf, the strength and
electrical conductivity increase significantly with a simul-
taneous decrease in ductility.

The aim of the work is to study the influence of rotary
swaging and subsequent annealing on the structure and me-
chanical properties of single-phase L68 brass. It is expected
that the combination of rotary swaging and subsequent an-
nealing will allow producing an alloy with improved
strength and ductility.

METHODS

The material of the study was L68 grade brass. For
smelting the studied alloy, MOb grade copper and TsO grade
zinc were used as charge materials. The alloy was smelted
in an induction furnace; casting was carried out in a water-
cooled cast-iron mold with a diameter of 52 mm and
a height of 200 mm. The chemical composition was deter-
mined using X-ray fluorescence analysis on a BRUKER S8
Tiger (series 2, Germany) sequential X-ray fluorescence
wave-dispersive spectrometer in a vacuum according to the
standard technique using the QUANT-EXPRESS software
(Bruker, Germany). According to the analysis, the studied
alloy consisted of 68+0.21 wt. % of Cu and 32+0.13 wt. %
of Zn. Then, the resulting ingot was subjected to hot press-
ing at a temperature of 630 °C to a final diameter of 20 mm.
Then, the rod was annealed at 800 °C for 2 h, followed by
quenching in water.

Rotary swaging was performed at room temperature us-
ing an RKM 2129.02 two-die rotary swaging machine. Be-
fore rotary swaging, the rod was mechanically turned to
19 mm (initial diameter). Rotary swaging was performed in
10 passes with an intermediate reduction in the rod diame-
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ter from 0.6 to 1.5 mm, depending on the stage of deforma-
tion to a final diameter of 6 mm.
The degree of deformation (¢) was determined by
the formula
=0
Ay
where A, is the initial cross-sectional area of the blank;
Ay is the final cross-sectional area of the blank.

Therefore, the degree of deformation corresponding to
the final diameter of the rod of 6 mm was equal to 2.31.

The microstructure before and after rotary swaging
was studied at low magnifications using an ADF 1350
optical microscope (ADF OPTICS Co. LTD, China).
The microstructure after rotary swaging was analysed in
the longitudinal section of the rod, parallel to the defor-
mation direction. The microstructure after rotary swag-
ing was studied using transmission electron microscopy
(TEM). TEM analysis was performed using a JEOL JEM
2100 microscope (Japan) at an accelerating voltage of
200 kV. Samples for transmission microscopy were pre-
pared by electrolytic polishing on a TenuPol 5 installa-
tion (Denmark) using an electrolyte containing HNO;
and CH;0H at a voltage of 19.5 V and a temperature of
—25 °C. The size of the structural components was de-
termined by the random linear intercept method in
the Digimizer software environment.

The structural phase transitions were studied by differ-
ential scanning calorimetry (DSC) on a NETZSCH DSC
404 F3 Pegasus device (NETZSCH, Germany) with linear
heating in the temperature range of 150—700 °C in a pro-
tective argon atmosphere at a rate of 10 K/min in corun-
dum crucibles. To understand better the reactions occur-
ring during heating of the studied samples, overlapping
peaks were separated. The obtained experimental data
were described as a superposition of Gaussian peaks, or
Gaussians, meaning the addition of several Gaussian func-
tions. Origin Pro 2021 software was used to perform peak
separation analysis. The resulting function was obtained,

a

which had several maxima describing the transformations
occurring during heating.

For uniaxial tensile tests, flat samples with a working
part length of 5.75 mm, a width of 2 mm and a thickness of
1 mm were prepared. Mechanical tests were carried out at
room temperature on an Instron 3382 testing machine (UK)
at a constant loading rate of 1 mm/min. At least three sam-
ples were tested for each alloy state. Hardness was meas-
ured by the Brinell method on an IT 5010-01 testing ma-
chine (Russia) with a steel indenter diameter of 2.5 mm
under a load of 62.5 kg, holding time of 30 s.

RESULTS

Fig. 1 shows that the structure of L68 brass in
the quenched state consists of large a-phase grains 500—
600 pm in size and annealing twins 10 to 70 um in size.
The microstructure is significantly transformed during ro-
tary swaging. After rotary swaging, bands about 45 um
wide elongated along the swaging direction are formed.

After rotary swaging, a UFG structure is formed inside
the elongated a-phase grains (Fig. 2 a). This UFG structure
consists of deformation twins from several tens to 200 nm
in width (Fig.2b), subgrains 300—400nm in size,
the boundaries of which are lined up with wide dislocation
walls (Fig. 2 ¢), and shear bands 400-500 nm in width
(Fig. 2 a). It should also be noted that the formation of sub-
grains occurs mostly inside the shear bands (Fig. 2 a).

Fig. 3 combines the original experimental data, the indi-
vidual obtained approximation peaks for the studied alloys,
and a new resulting line (cumulative curve) of the approxi-
mation of overlapping peaks based on the estimated values.
One can see that the new fitted profile is almost identical to
the experimental one (Fig. 3), which reflects the accuracy
of the peak separation procedure used in this analysis.

The DSC analysis of the alloy curve revealed the pres-
ence of five heat absorption peaks: two small peaks corre-
sponding to temperatures of ~213 and ~301 °C, the maxi-
mum peak at ~433 °C, and peaks at ~560 and ~626 °C

Fig. 1. Microstructure of L68 brass in the quenched state (a) and after rotary swaging at room temperature (b)
Puc. 1. Muxpocmpyxkmypa namynu JI68 6 3axanennom cocmoanuu (a)
U nociie pomayuoHHOU KO8KuU npu Komuamuoi memnepamype (b)

Frontier Materials & Technologies. 2025. No. 3

115



Chistyukhina E.I., Martynenko N.S., Rybalchenko O.V. et al. “The influence of rotary swaging and subsequent annealing...”

Fig. 2. TEM images of L68 brass after rotary swaging:
alloy structure at magnifications of x25,000 (a), 50,000 (b) and x100,000 (c)
Puc. 2. [IDM-uzobpasxcenus namynu JI6S nocie pomayuonHo KoKu:
cmpykmypa cnaasa npu ysenudenusx x25 000 (a), x50 000 (b) u x100 000 (c)
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Fig. 3. Dependence of heat flow on heating temperature for L68 brass after rotary swaging
Puc. 3. 3asucumocms mennogozo nomoka om memnepamypbl Hazpesa 01 namyhu JI68 nocie pomayuonnou koxu
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(Fig. 3). Based on the obtained results, the temperature
regimes of 450, 500, and 550 °C were determined for
subsequent annealing of L68 brass after rotary swaging.
The choice of temperatures was based on the fact that
structural and phase transformations should already oc-
cur at these temperatures. In this case, temperatures
above 550 °C were not taken into account to avoid rapid
grain growth.

It can be seen from Fig. 4 that additional annealing of
the alloy after rotary swaging leads to a decrease in hard-
ness, the higher the heating temperature. At the same time,
in the range of 30—240 min, the holding time does not have
a significant effect on the hardness values.

2000
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a .
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After quenching, the alloy demonstrates high ductility
values with relatively low strength properties (Fig. 5). Car-
rying out rotary swaging with a degree of deformation of
2.31 significantly increases the values of strength character-
istics, while the elongation decreases. After additional an-
nealing, the strength characteristics decrease compared to
the values after rotary swaging, but relative to the quenched
state, the ultimate tensile stress limit, offset yield strength
and elongation increase.

Table 1 shows that rotary swaging at e=2.31 resulted in
a significant increase in strength with an increase in
the values of 6y, and oz by more than 10 and 3 times, re-
spectively, while & decreased by more than 6 times.

100

150 200 250

Holding time, min

Fig. 4. Dependence of the hardness of L68 brass after rotary swaging on the temperature and heating time
Puc. 4. 3asucumocmv meepoocmu ramynu JI68 nocie pomayuoHHol KOBKYU Om memnepamypul U 6pemMenu Hazpesa
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Fig. 5. Stress-strain curves of L68 brass in different states
Puc. 5. Kpusvie pacmsidicenus aamynu JI68 6 paznuunvix cocmosusx
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Table 1. Mechanical properties of L68 brass in different states

Taonuua 1. Mexanuueckue ceoticmea namynu JI68 6 paznuunvix cocmoanusax

State Gy, MPa o, MPa 0, %
Quenching 7244 222+13 39.9+3.8
before heating 75445 775+6 6.3£0.4
Rotary swaging 450 °C (30 min) 18042 38244 49.1+1.4
ate=2.31
450 °C (2 h) 172+3 37444 49.942.8

Additional annealing at 450 °C for 30 and 120 min after
rotary swaging contributed to a decrease in strength proper-
ties and an increase in ductility. However, relative to
the initial state (after quenching), the offset yield strength
increased on average by ~2.5 times, the ultimate tensile
stress limit by ~1.7 times, and the elongation increased by
10. The properties after annealing for 30 and 120 min were
approximately equal.

The structure of L68 brass after rotary swaging and
additional annealing consists predominantly of fine equi-
axed grains (Fig. 5). After annealing for 30 min, the av-
erage size is 3.1+£0.4 pm; with an increase in the heating
duration to 120 min, the grains increase slightly to
4.5+0.8 pm. It should also be noted that individual twins
no more than 1 um wide are formed inside the recrystal-
lized grains (Fig. 6).

DISCUSSION

The study of the influence of cold rotary swaging and
subsequent annealing on the structure and mechanical prop-
erties of L68 brass showed that rotary swaging leads to
the formation of a microstructure in the alloy, which is
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elongated along the direction of deformation (Fig. 1), as
well as to the formation of a UFG microstructure inside
the elongated grains and a significant increase in the density
of crystal lattice defects (Fig. 2). Such a change in the mi-
crostructure leads to a significant increase in the strength of
the alloy (yield strength and ultimate tensile stress limit
increase by ~10 and ~3.5 times, respectively), but greatly
reduces its ductility (6 decreases from 39.9+3.8
to 6.3+0.4 %).

The conducted DSC analysis showed that all the iden-
tified transformations occur with energy absorption
(Fig. 3). Thus, the first peaks on swaged brass (~213 and
~301 °C) probably correspond to the ongoing processes
of polygonisation and recovery. Similar results were ob-
tained during the DSC analysis of cold-formed wire
made of LS59-1 lead brass, where the authors revealed
the occurrence of these processes in the temperature
range of 115-235 °C [22]. The next peak on the curve
for the swaged alloy, corresponding to ~433 °C, is
probably associated with the onset of recrystallization
processes. It is known that in deformed pure copper,
the recrystallization process begins to occur at 250—
350 °C [23; 24]. The recrystallisation onset temperature

Fig. 6. Microstructure of L68 brass after rotary swaging at room temperature
and subsequent annealing for 30 min (a) and 2 h (b). Arrows indicate twins
Puc. 6. Muxpocmpyxkmypa namynu JI68 nocie pomayuonnou Ko8Ku npu KOMHAMHOU memnepamype
u nocneoyowe2o omacuza 6 mewerue 30 mun (a) u 2 u (b). Cmpenxu ykazolearom Ha 080UHUKU
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in this case depends on the purity of copper, the degree
of deformation and the heating rate of the samples dur-
ing the study. The addition of alloying elements in-
creases the recrystallization temperature, in this case to
~433 °C. The fact that recrystallization occurs at this
temperature is also confirmed by microstructural studies
(Fig. 6). Thus, annealing of the alloy at 450 °C causes
the formation of small equiaxed grains with individual
twins. In this case, increasing the annealing time from
30 min to 2 h has little effect on the size of the forming
grain, causing only a slight increase from 3.1+0.4
to 4.5+0.8 um. In this case, the peaks corresponding
to ~560 and ~626 °C are apparently associated either with
the further course of primary recrystallisation, or with
the onset of collective and secondary recrystallization.

The formation of a recrystallised structure after anneal-
ing caused a significant decrease in the strength of L68
brass relative to the swaged state (Fig. 5, Table 1). Thus, the
modulus of rapture in this case decreased by ~4.2 times and
the ultimate tensile stress limit — by ~2 times. However, it is
worth noting that the obtained values of the strength charac-
teristics significantly exceed the values obtained for the
quenched alloy: by ~2.5 and ~1.7 times for o, and op, re-
spectively. In this case, the relative elongation values in-
crease both in comparison with the swaged state (by ~7.9
times) and with respect to the quenched state (by ~10 %). It
is worthy of note that the mechanical properties of L68
brass annealed for 30 min and 2 h are practically the same.
The increase in the alloy strength after rotary swaging is
largely related to the refinement of the alloy microstructure
and an increase in the dislocation density.

As is known, the increase in the strength of metals
and alloys is mainly influenced by such factors as grain
size, the presence of second-phase particles, an increase
in the density of crystal lattice defects, in particular dis-
locations, and the formation of a solid solution [25].
In the study, the presence of second-phase particles was
not detected in any of the alloy states, so the contribution
of this mechanism can be neglected. On the other hand,
the alloy contains 32+0.13 wt. % of Zn, which is com-
pletely dissolved in the copper matrix, forming a solid
solution. The presence of zinc increases the strength
characteristics of pure copper. However, as was said
above, the alloy structure in all three states (quenched,
swaged and annealed) consists of grains of a solid solu-

tion of zinc in copper of different sizes. This means that
the contribution of the solid-solution mechanism to
strengthening has a similar value for different states of
the alloy. At the same time, rotary swaging leads to
a significant grain refinement relative to the quenched
state. Moreover, rotary swaging, like any deformation
treatment, causes an increase in the dislocation density.
For example, in [26] it was shown that during rotary
swaging of the Cu-3.11Cr copper alloy, an increase in
the dislocation density was observed from 3.87x10"' m™?
in the quenched state to 1.22x10"° m > after rotary swag-
ing. Therefore, a significant increase in the dislocation
density should also be expected in this experiment. Sub-
sequent annealing at 450 °C leads both to an increase in
the grain size to 3-5 um due to the recrystallization
and to a decrease in the dislocation density. In [26], the
dislocation density of the Cu-3.11Cr alloy after rotary
swaging with subsequent aging in the temperature range
from 400 to 550 °C was also calculated. It was shown
that heating in this temperature range leads to a slight
decrease in the dislocation density to 9.41x10' m™.
Grain growth and a decrease in dislocation density lead
to a decrease in the contribution of these mechanisms to
strengthening, which results in a decrease in the strength
characteristics. At the same time, the formation of small,
recrystallized grains and a decrease in dislocation den-
sity lead to a significant improvement in the ductility of
the alloy. A similar picture was observed in [27] during
annealing at various temperatures of the Cu—4.5 wt. % Al
alloy subjected to rotary swaging. The authors showed
that an increase in the temperature and duration of an-
nealing leads to grain growth due to recrystallization,
which has a positive effect on ductility.

Summarizing the obtained data, one can conclude that
rotary swaging significantly increases the strength charac-
teristics of L68 brass with a decrease in its ductility, while
subsequent annealing allows obtaining a state with im-
proved strength and ductility values relative to the
quenched state. At the same time, both swaged and an-
nealed alloys can be successfully used in the national econ-
omy to solve various tasks, since the mechanical character-
istics obtained in the work are not inferior to the values
regulated by GOST 494-90, GOST 1066-2015, GOST 931-
90 and GOST 5362-78 or even exceed them (Table 2).
For example, brass after rotary swaging can be used in

Table 2. Comparison of the requirements for processed L68 brass with the data obtained in the work
Taonuya 2. Cpasnenue mpebosanuil, npedvAgiaeMvix K oopadbomannou ramynu J168, ¢ nonyuennvimu 6 pabome OaHHbIMU

Application / processing technique op, MPa 9, % Source
Soft wire (diameter 0.18-0.75 mm) 340 25 GOST 1066-2015
Hard-drawn wire (diameter 0.18—0.75 mm) 690-930 - GOST 1066-2015
Cold-rolled hard band 430-540 10 GOST 931-90
Cold-rolled band 290-370 42 GOST 931-90
Cold-rolled band 290-340 50 GOST 5362-78
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Table 2 continued
IIpooonsicenue mabauyor 2

Application / processing technique o, MPa 9, % Source
Soft pipe 290 40 GOST 494-90
Half-hard pipe 340 35 GOST 494-90
Rotary swaging (e=2.31) 775+6 6.3+0.4 Current study
Rotary swaging (¢=2.31) + heating 450 °C (30 min) 382+4 49.1+1.4 Current study

the manufacture of products that require high strength
indicators, for example, those operating under abrasion
conditions. L68 brass annealed after rotary swaging can
be used in the manufacture of products for which a com-
bination of strength and ductility is important, for ex-
ample, plumbing products. Moreover, rotary swaging
processing can be easily combined with other deforma-
tion methods, for example, with drawing. It is assumed
that such a combination can lead to an additional im-
provement in mechanical characteristics.

CONCLUSIONS

1. Rotary swaging of L68 brass leads to the formation of
a-phase grains elongated along the deformation direction,
within which a UFG structure is formed consisting of sub-
grains 300—-400 nm in size, deformation twins from several
tens to 200 nm in width, and shear bands 400-500 nm in
width.

2. After annealing at 450 °C, a recrystallised microstruc-
ture with a grain size of 3.1+0.4 and 4.5+£0.8 pm is formed
for 30 min and 2 h of holding, respectively.

3. The formation of a UFG structure after rotary swag-
ing leads to an increase in 6y, and o by ~10 and ~3.5
times, respectively, with a decrease in ductility from
39.943.8 to 6.3+0.4 %. Subsequent annealing at 450 °C
resulted in a decrease in the strength characteristics of L68
brass due to recrystallization with a simultaneous increase
in the relative elongation value to ~49 %.

4. The duration of annealing at 450 °C did not affect the
value of the mechanical characteristics of the alloy.
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Annomayun: MenHble ciuiaBbl Ha 0OCHOBe cucteMbl Cu—Zn, B YaCTHOCTH JaTyHb JI68, SBIAIOTCS MEpCIEKTUBHBIMHU
KOHCTPYKIIMOHHBIMHA MaTepuanamu. OIHAKO JIJIs TOBBIIICHUS WX HAIC)KHOCTH M PacIIUpEHHs 001acTH MPHUMEHEHUS
HE0OXOIUMO IMOBBIIIATH WX NMPOYHOCTHBIE XapaKTePUCTUKH. B paboTe M3ydanoch BIHAHME KOMOMHAIIMK POTAIMOHHOM
xoBkHd (PK) u mocnenyromero oTkura Ha CTPYKTYpY, IPOYHOCTh H IDIACTHIHOCTD JaTyHH JI68. [t 3TOro mpoBeaeHsI
HCCIIEIOBAaHNUS MHUKPOCTPYKTYPHI CIIaBa B 3aKaJICHHOM U I¢(OPMHUPOBAHHOM COCTOSHHSX, MEXaHUYCCKUE HCIIBITAHUI
Ha OJIHOOCHOE pACTSIKCHHUE, MUCCIIeIOBaHNE TBEPIOCTH 10 MeToay bpuHess, a Takke OLEHKa CTPYKTYypHO-(a30BbIX
MepeX0/I0B METOIOM AuddhepeHIInaTbHON CKAaHUPYIOIIEH KaJopuMeTpUU. YCTaHOBIICHO, 4TO B mpomnecce PK mpowucxo-
JUT (POPMHUPOBAHUE HE TOJIHKO BHITSHYTBHIX BIOJIb HAIlpaBieHUs JedopManny 3epeH o-(haszbl, HO M yIbTPaMeNIKO3epHH-
CTOH CTPYKTYpHl BHYTPH HHX, COCTOSIICH W3 cyO3epeH, NIBOWHUKOB AedhopManuu u monoc capura. [locaemyronmii oT-
xur 1pu 450 °C npuBOAXT K POCTY pa3Mepa 3epHa A0 3—5 MKM 3a CH4eT IPOTEKaHMs CTAaTHYECKOW PEKPHCTAUIN3AINN.
ITocne PK nHaGmogaercst pocT yCIOBHOIO IIpejienia TeKy4ecTH (Gg,) U npeaena npoyHocty (op) B ~10 u ~3,5 pasa coot-
BETCTBEHHO IIPHM CHIDKCHWH 3HAYCHHMS OTHOCHTEJILHOTO yHIMHEHHs Ooiee yeMm B 6 pas. [locnenyrommii oTxuUr npu
450 °C, BpI3BaBIINH (POPMUPOBAHNE PEKPUCTAIIIN3OBAHHON CTPYKTYPBI, IPHUBET K CHIKEHHIO NMPOYHOCTHBIX XapakTe-
puctuk jnarynu JI68 oTHOCHTENbHO Ne(OPMUPOBAHHOTO COCTOSIHHS IIPU OJTHOBPEMEHHOM POCTE 3HAYECHUSI OTHOCHUTEINIb-
HOTO YUIMHEHUS 110 CPaBHEHHIO KaK ¢ JAe()OPMUPOBAHHBIM, TaK M C UCXOAHBIM COCTOSIHMEM ciutaBa. OIHAKO CTOWT OT-
METHTh, UTO G, U op JaTyHu JI68 mocne PK u mocnenyromero orxura npu 450 °C npeBbIIIAlOT 3HAYEHUS JUIA 3aKa-
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Chistyukhina E.I., Martynenko N.S., Rybalchenko O.V. et al. “The influence of rotary swaging and subsequent annealing...”

JICHHOTO CIUIaBa B CpegHEeM B ~2,5 m B ~1,7 pa3a COOTBETCTBEHHO M NPEBBINIAIOT 3HAYCHUS, PEIIaMEHTHPOBAHHBIC
T'OCT 494-90, TOCT 1066-2015, TOCT 931-90 u TOCT 5362-78.

Kniwouegvie cnosa: naryns JI68; poTannoHHAs KOBKA; YIbTPAMENKO3EPHUCTAs! CTPYKTYPa; PEKPUCTAIIM3ALMS; TIPOU-
HOCTb; IUNTACTUYHOCTb.
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