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Features of the structure and properties formation of AMG®6 alloy
under the equal channel angular pressing

The results of experimental studies of changes in the structure, microhardness, and wear resistance of the
AMG6 aluminum alloy during equal channel angular pressing (ECAP) are presented in this work. The evolu-
tion of the fine structure and the formation of secondary phases in the AMG6 alloy during ECAP were stud-
ied. The dark-field image of the structure of the AMg6 alloy in the matrix reflex showed the splitting of the
material into small disoriented fragments of about 0.5 pum in size with a small-angle disorientation boundary
(about 2—5°). Optimal method and modes of ECAP of the AMG6 aluminum alloy were selected of the bases
of experimental research, which make it possible to obtain a workpiece with enhanced tribological and me-
chanical characteristics. It was established that the most intensive grinding of the grain structure in the AMG6
alloy occurs at ECAP-12 at a channel angle intersection of 120°. It is shown that with a decrease in grain size,
the microhardness of the alloy AMG6 after ECAP increases by 4 times, compared with the initial state.The re-
sults of the test samples for abrasive wear showed a decrease in mass loss after 12 passes of ECAP, which indi-
cates an increase in the wear resistance of the alloy AMG6 by 13—14.%, compared with the initial state.

Keywords: equal channel angular pressing, the aluminum alloy,dislocation structure, micro hardness, wear re-
sistance.

Introduction

Improving the strength which will reduce the mass of products from structural materials, is an urgent
task from the point of view of the promising use of aluminum alloys [1, 2]. In addition, insufficient strength
significantly narrows their scope in products operating under high mechanical loads, for example: overhead
power lines, cables and tires [3]. In. this regard, the search for ways to increase the complex of physico-
mechanical properties of aluminum alloys is an important scientific problem. One of the promising ap-
proaches that improve the properties of aluminum alloys is the grinding of their grain structure to ultrafine-
grained (UFG) state, by such promising methods of intensive plastic deformation (IPD) as IPD torsion
(IPDT), equal channel angular pressing (ECAP), also its modification — ECAP in parallel channels (ECAP-
PC) [4-7]. The ECAP method has'several advantages over other IPD methods, which are associated with the
implementation of a simple shear scheme in the process of plastic deformation [8]. Theoretically, such a
scheme makes it possible to-accumulate large and uniform deformations during a processing cycle with min-
imal energy consumption, without changing the cross section of the workpieces. In connection with the fore-
going, the aim of this work is to study the influence of the modes of equal channel angular pressing on the
structure of AMG®6 alloy.

Materials and methods of research

In accordance with the tasks, the aluminum alloy AMG6 widely used in modern aviation, rocket sci-
ence, shipbuilding and construction was chosen as the object of study. Table 1 presents the chemical compo-
sition of the aluminum alloy of AMG®6.

Table 1
The chemical composition of AMG®6 alloy (GOST 4784-97)

Model Fe Si Mn Ti Al Cu Be Mg Zn
AMG6 | till0.4 |till0.4 | 0.5-0.8 | 0.02-0.1 | 91.1-93.68 | till 0.1 0.0002-0.005 5.8-6.8 till 0.2
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Equal channel angular pressing (ECAP) is currently the most widely used IPD method. The method
consists in forcing (extruding) the material through inclined channels with the same cross-sectional area

(Fig. 1).
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Figure 1. Scheme of the ECA pressing and press equipment with a hydraulic press for intense plastic deformation

The procedure is often repeated several times [9]. Samples provision of aluminum alloy for pressure
treatment were made in the form of rods with a diameter of 12 mm and a length of 50 mm. Intensive plastic
deformation was carried out by the ECAP method, on a press tool (Fig. 1) [10]. The pressure source was a
hydraulic press KNWP 30M, giving a maximum pressure of up to 40 MPa. The samples were pressed with a
pressure of up to 30 kg/cm?, with a pressing time of up to 20 s per pass. The angle of intersection of the
pressing channels (F) was 90° and 120°, respectively. ECAP modes are shown in Table 2.

Table 2
ECAP modes of AMG6 alloy (routes B and C)

Aluminium r The number of cycles (passes)
alloy and the accumulated deformation N (ey)

90 2(2.3)
90 4 (4.6)
120 2 (1.34)

£ 120 4 (2.68)
120 8 (5.36)
120 12 (8)

Optical microscopes «<ALTAMI-MET-1M» and «MMP-4» (Scientific Research Institute «Nanotech-
nologies and New Materials» D. Serikbayev EKSTU) were used to study the general nature of the structure.
The metallographic analysis method is included in a number of existing standards. The grain size was con-
trolled. by the microstructure [GOST-5639]. Quantitative metallographic analysis was performed according
to the recommendations given in [10].

Structural studies were performed by thin-foil electron diffraction microscopy using a JEOL-2100 elec-
tron microscope using goniometric attachments at an accelerating voltage of 100 kV. The working magnifi-
cation in the microscope column was selected from 10 to 50 times. Samples of size 10x20x50 mm’ were cut
into plates (foils) 0.2—0.3 mm thick to conduct studies using spark cutting. The resulting foils were first
chemically thinned in an electrolyte of 90 % hydrofluoric acid and 10 % perhydrol, and then electrolytically
in a supersaturated solution of phosphoric acid with chromic anhydrite at room temperature, an operating
voltage of 20 V, and a current density of 4 A/cm’.

The microhardness of steel samples was measured on a PMT-3M tool in accordance with GOST 9450—
76. The microhardness of the samples was measured by the Vickers method on a PMT-3 microhardness test-
er with an indenter load of P = 1 N and a holding time of 10 s at this load.
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Wear resistance experiments were carried out in an experimental setup for abrasive wear tests against
friction to non-rigidly fixed abrasive particles according to the «rotating roller — flat surface» scheme in ac-
cordance with GOST 23.208-79, which coincides with the American standard of ASTM C 6568. The surfac-
es of the samples were ground and polished for abrasion testing on a rubber wheel, as well as they were
cleaned with acetone and dried.

A cylindrical rubber roller pressed against the flat surface of the test sample by a radial surface with a
force of 10 N rotated with a frequency of 1 s™'. The appearance and diagram of the device is shown in Fig-
ure 2. The rate of abrasive particles between the rubber wheel and the sample, that is, into the test area, was
41-42 g/min. As abrasive particles, electrocorundum with a granularity of 200-250 um was used. The wear
resistance of the tested treated sample was evaluated by comparing its wear with the wear of a reference
sample (untreated sample). Depreciation was measured by the weighing method on an ADV-200 analytical
balance with an accuracy of 0.0001 g. Samples were weighed every minute and tested for three minutes, the
length of all wear was 25 m. The samples were burned using compressed air to remove remaining sand parti-
cles on samples before weighing. The wear resistance of the test material was evaluated by the loss of mass
of the samples during the test according to GOST-23.208—79.

mounted
rubber ring sand ﬂ<
sample

4
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Figure 2. Tribological testing of samples

Resultsand its-discussion

Figure 3 presents a histogram of changes in the microhardness of the AMG6 alloy depending on the
ECAP mode. Increasing in microhardness is observed depending on the number of passes after ECAP. At the
same time, samples treated with ECAP with an angle of intersection of channels of 900 have a higher micro-
hardness than samples treated with ECAP with an angle of intersection of 1200. However, ECAP with an
angle of intersection of 900 did not make it possible to obtain blanks with a defect-free structure with passes
of more than 4. And with ECAP with a channel intersection angle of 1200, billets with a homogeneous de-
fect-free structure were obtained with the number of passes up to 12. It was determined that as a result of
ECAP (12 passes), the'microhardness of the AMG6 alloy increases to 1640 MPa, which is almost 4 times
higher than in the initial state.
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Figure 3. Microhardness of AMG6 alloy before and after ECAP
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Figure 4 presents the test results of the samples for wear resistance. It can be seen that the change in
weight loss after ECAP is not significant during passages 2 and 4. Significant changes are observed only af-
ter ECAP by passage 8 and 12. Moreover, the weight loss decreases to 5.4—5.6 mg after ECAP-12, which
shows an increase in wear resistance AMG6 alloy by 13—14 %.
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Figure 4. Wear resistance of AMG®6 alloy before and after ECAP

Figure 5 shows the microstructure of the AMG®6 alloy before and after ECAP. According to the results
of optical microscopy, the AMG6 aluminum alloy in the initial state is characterized mainly by the equiaxed
shape of the grains. It can be seen that ECAP leads to a significant refinement of the alloy structure depend-
ing on the number of ECAP passes. An analysis of the microstructure after various ECAP modes and at dif-
ferent channel intersection angles showed that the most intensive grain refinement in the AMG6 aluminum
alloy occurs during ECAP 12 passes when the channel angle is intersected by 1200. The grain of the starting
material is crushed to sizes ~1, 0—1.5 pm after ECAP-12. These results show that the average grain size has
decreased by almost 17 times.

Figure 5. Microstructure of AMG6 aluminum alloy before and after ECAP

The fine structure of AMG®6 alloy was also studied by REM method. Figure 6 presents bright-field im-
ages of the fine structure of the AMG®6 alloy and its microdiffraction. High density of randomly distributed
dislocations with a density of 2-6x10'° cm™ is observed in the initial state in the AMG6 alloy. Uniformly
distributed particles of the second phase are observed in the volume of grains. Microdiffraction reveals re-
flections from the FCC phase with a lattice parameter close to the aluminum lattice parameter, as well as ad-
ditional reflections from planes with interplanar spacing dj,=2.57 A, dw=235A, dw=2.15A,
dy=209 A, djyy=1.68 A.
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Figure 6. Bright-field images of the structure of AMG®6 alloy (g, b, ¢) and microdiffraction from the sample site ().
The (110) plane with Al parameters and individual reflections from the second phases (indicated by arrows)

The material is divided into small misoriented fragments after ECAP. Microdiffraction reveals reflec-
tions from the FCC phase with a lattice parameter close to the‘aluminum lattice parameter. There are sepa-
rate reflections from the second phases, however, in the image of the structure of the particles of the second
phases are practically not observed. The dislocation structure changes: dislocation networks are formed (in-
dicated by arrows in Figure 7), practically no dislocations are observed inside the fragments. The size of the
fragments is about 0.5 pm. Dark-field analysis (Figure 8) showed that most of the disorientation boundaries
are small-angle (about 2—-5 degrees).

Figure 7. Bright-field image of the structure of the AMG6 alloy and microdiffraction from the portion of the sample
of the AMG®6 alloy with Al parameters and individual reflections from the second phases (indicated by arrows)
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Figure 8. Dark-field image of the structure of the AMG®6 alloy in the matrix reflex (o« — goniometer indication)

Table 3 shows the experimental data on the structure and properties of samples of AMG®6 alloy obtained

after ECAP under different conditions. The experimental results clearly illustrate the correlation between the
structural and mechanical characteristics of alloy samples. The dependence of microhardness on the average
grain size is clearly traced. Those, the microhardness of the alloy increases with a decrease in grains. This is
due to the special state of the crystal lattice in‘grains and the structure of grain boundaries, which was dis-
cussed above.

It is seen from the generalized data‘presented in the Table that the refinement of the structure during

ECAP is accompanied by an increase<n microhardness and wear resistance in the AMG6 aluminum alloy.
Different grain sizes and different tribomechanical features can be obtained by varying the number of passes.

Table

Experimental data on the structural and mechanical features of AMG6 aluminum alloy
processed by ECAP method

3

F | ECAP modes Routes Microhardness, MPa anr resistance The average grain size d.,, pm
(weight loss), mg P
- Initial - 480 6.235 18.7
90 ECAP -2 C 545 6.286 9.14
90 ECAP -4 B 1210 5.963 4.17
120 ECAP -2 C 510 6.165 10.89
120 ECAP -4 B 1050 5.869 5.33
120 ECAP -8 B 1450 5.716 3.12
120 ECAP -12 B 1680 5414 1.51

Conclusion

Analyzing the experimental results obtained in the work, we can do the following conclusions:
1. Optimal method and modes of ECAP of the AMG6 aluminum alloy were selected on the bases of ex-
perimental research, which make it possible to obtain a workpiece with enhanced tribological and mechani-
cal characteristics.
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2. It was established that the most intensive grinding of the grain structure in the AMG®6 alloy occurs at
ECAP-12 at a channel angle intersection of 1200 the grain of the starting material is ground to sizes of
~1.0-1.5 pm after ECAP-12 in the AMG6 alloy.

3. It was established that under ECAP with a channel intersection angle of 120°, at which the number of
processing cycles reached 12 at e = 8.4, it became possible to obtain defect-free workpieces with a more uni-
form structure.

4. It is shown that the microhardness of the AMG®6 alloy increases with a decrease in grain size. It has
been determined that the microhardness of the AMG6 alloy increases by almost 4 times as a result of equal-
channel angular pressing, compared with the initial state.

5. It is shown that the weight loss decreases to 5.4—5.6 mg after ECAP-12, which shows an increase in
the wear resistance of AMG6 aluminum alloy by 13—14 %.

6. It was determined that the dislocation structure of the AMG6 alloy changes after ECAP: dislocation
networks are formed, and practically no dislocations are observed inside the fragments. The size of the frag-
ments is about 0.5 pm. Dark-field analysis showed that most of the boundaries of disorientation are small-
angle.

We can conclude that the developed ECAP modes can be effectively applied to a wide range of alumi-
num alloys. Thus, the studies showed the promise and feasibility of using ECAP to'increase the hardness and
wear resistance of aluminum alloys.
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Tenkananapl 0YypbIITHIK NpecTey Ke3inaeri AMI'6 KopbITHACHIHBIH
KYPBLIbICHI MEH KaCHETIHiH TY3ily epekuiesikTepi

Kympicra Tenkananasl OypeiuThiK npectrey (TKBIT) kesinmeri AMI6 aqroMUHME KOPBITIACBIHBIH TO3yFa
TO3IMALTII MEH MHKPOKATTBUIBIFBl KYPBUIBIMBIHBIH ©3TepyiH 3epTTEeyIiH 3KCICPHMEHTAJIbl HOTHXKEIEpi
kentipinren. TKBIT kxe3inmeri AMI'6 KOpBITIIAacHIHBIH eKiHINI (ha3achIHBIH TY31Tyl MEH >KyKa KaOaTHIHBIH
IBOJIFOLMACHI  KapacThIpbuFaH. Marpuuanbslk peduiekcreri AMI'6 KOpBITHACH! KYPBUIBIMBIHBIH KapaHFbI
OeitHeci MaTepuanublH Kimi OypbeimbiHAa (mamaMen 2-5°) emmemi 0,5 MKM JKYBIK ycak (parMeHTTepre
OeuiHyiH KepceTTi. DkcnepuMeHTaIbl 3epTTey HoTmkeciHae TKBII ke3inmeri AMI'6 onTumanmbl ofici MeH
PEXUMI TaHAAIABL, OCHl TaHAAY AapKbUIBl MEXaHUKAJIBIK JKOHE TPHOOJOTHSAJIBIK CUNATTAMAChl JKOFaphl
GonmareiH  amomuHui KopbiTnackl anbiHgpl. TKBIT kesinmeri AMI'6  KopbITHachlHOAFBl TYHIpPIIIKTIK
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KYPBUIBIMHBIH ycakTaiaybl 120° GojraHma >koHe KaHAIAApABIH OYPBHINIBIHBIH KUBUIBICYBl Ke3iHe O0JaThIHBI
anbIKTaFal. Tyilipiikrep MeumepiHid azatobiMeH AMI'6 kopbITIachbiHbIH MUKpPO KarTbuibirbl TKBIT keiin
Gacrarkpl JkaFaiMeH caibIcThIprania 4 ece aptaapl. AOpa3uBTi To3yra yarinepai ceinay Hotmkenepi (TKBIT)
12 per oTKeHHEH KeWiH MaccaHbIH >KOFAybIHBIH TOMEHICICHIH KepceTTi, Oy OGacramkpl jKaraiMeH
canbIcThIpranga AMI'6 KOpBITIIACHIHEIH TO3yFa Te3iMALTITiHIH 13—14 % apTybIH KepceTTi.

Kinm ce30ep: TeHkaHanpl OYpBHINTHIK IPECTEy, AIIOMHHHMI KODPBITIIACHI, JUCIOKANMSUIBIK KYPBUIBIM,
MHKPOKATTBUIBIK, TO3YFa TO3IMIIIIIK.

b. Paxagunos, JI. Xypeposa, B. Buene0a, XK. Carnonauna, A. XaceHoB

OcobennocTn popMupoBaHMS CTPYKTYPHI M cBOMCTB criiaBa AMI'6
IPH PABHOKAHAJbLHOM YIJIOBOM IIPECCOBAHUH

B cratee nmpuBeneHsI pe3yabTaThl SKCIEPHUMEHTAIBHBIX HCCIIEIOBAaHUI M3MEHEHUH CTPYKTYPBI, MUKPOTBEp-
JIOCTH U H3HOCOCTOMKOCTU alroMUHMEBOro cmiuasa AMI'6 npu paBHOKaHaJIBbHOM YIJIOBOM HPECCOBAHUU
(PKVII). Uzydensr sBoonusl TOHKOH CTPYKTYPHI U ()OPMHpPOBaHHE BTOPHYHBIX (a3 B crraBe AMIT6 mpn
PKVYII MeronoM IpocBeYMBAIONIEH AJIEKTPOHHON MHKPOCKOIHH. TeMHOIONBHOE H300pakeHHe. CTPYKTYpHI
cmmraBa AMI'6 B MaTpruHOM pedirexce mokasano pa3OMeHHe MaTeprana Ha MeJNKHEe Pa3sopHEHTHPOBAHHBIC
¢dparmenTsl pazmMepom okoso 0,5 MKM ¢ ManoOyrioBOM rpaHuiiedl pasopueHtayn (okoso 2-5°). Ha ocHose
SKCIEPHUMEHTAIBHBIX HCCIe0OBaHUN BBIOpaH onTuManbHbld pexxum PKVYII amomunuesoro ciiaBa AMI6,
KOTOPBIH MO3BOJISET MOIYYUTh 3aTOTOBKY C TOBBIIIEHHBIMU TPUOOIOTHIECKIMHI ¥ MEXaHAYECKUMU XapaKTe-
pHUCTHKaMU. Y CTaHOBJICHO, YTO HanOoJiee MHTEHCUBHOE N3MEIbUEHUE 36PEHHOM CTPYKTYpH! B crtaBe AMI'6
npoucxoaut npu 12 mpoxoxax PKVII ¢ yriom nepecedenus kananos 120°. IlokazaHo, 4TO ¢ yMEHBILICHUEM
pa3mepoB 3epeH MukpoTBepaocts ciuiaBa AMI'6 nocne PKVYII yBemmuuBaercs B 4 pasa, 1o cpaBHEHHIO C HC-
XOJHBIM COCTOSIHMEM. Pe3ynbTaThl MCIIBITaHMS 00pa3loB Ha aOpa3WBHOE W3HAIIMBAHUE ITOKA3aINd CHIDKCHHE
notepu Maccsl nocie 12 npoxonos PKVYII, uro ykasbiBaeT Ha yBeluueHUe N3HOCOCTOMKOCTH craBa AMI'6 Ha
13—14 %, 110 CpaBHEHHUIO C UCXOJHBIM COCTOSTHHEM.

Knrouegvie cnosa: paBHOKaHAIIBHOE YTJIOBOE ITPECCOBAaHNE, aTIOMHHUEBBIN CIJIaB, AUCIOKAIIMOHHAS CTPYKTY-
pa, MUKPOTBEPAOCTh, H3HOCOCTOUKOCTb.
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