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Abstract. The process of diffusion welding in vacuum (DWV) of an alumi-
num-based composite using nano-multilayer aluminum-nickel and aluminum-ti-
tanium foils is investigated. Aluminum alloy 6061 hardened silicon carbide
(55 at.%). It has low ductility, which makes deformation activation of the surfaces being
joined difficult. Therefore, DWV perform through the intermediate layer, for example, alu-
minum foil. In this work, the layers obtained by the method of electron beam deposition were
used. In layers with alternating nanolayers with rapid heating, reactions of self-propagating
high-temperature synthesis take place, in which the amount of generated heat is sufficient for
additional heating of the composite and it’s melting, which ensures activation of the surfaces
to be joined. At the first stage, the creep processes of the composite under DWV conditions
are investigated, the parameters and the creep equation are determined, as well as the allow-
able deformations that do not cause cracks. For DWV, Al/Ni and Al/Ti foils with thicknesses
of 20, 40, 50, and 94 microns were used. The effect of the thickness of the interlayers on
the formation of compounds has been established. It is shown that, regardless of the inter-
layer system, at the majority of the junction metal has a composite structure with common
grains and the boundary between the connected samples is not determined either by structure
or by chemical analysis. In areas with a layer of its maximum thickness does not exceed
9 microns. At a thickness of 41 pm, the structure is slightly different from the structure at a
foil thickness of 20 um. With a foil thickness of 90 microns, an interlayer 60...70 microns
thick extends along the entire length of the joint. She reacted completely. In the center of
the interlayer, its composition is close to the composition of the Ni,Al phase. It has been
established that the use of nano-multilayer foils of the AI/Ni and Al/Ti system ensures the

214



N22 (10) 2018 smi.nuos.mk.ua | editor@smi.nuos.mk.ua §HIPBUILDING
MARINE INFRASTRUCTURE

formation of high-quality defect-free compounds with the realization of self-propagating high-temperature synthesis
of intermetallic compounds. To calculate the parameters of the DWV regime, it is sufficient to use the creep equation
of the composite at the steady state.

Keywords: composite; nano-layered foil; creep; self-propagating high-temperature synthesis; chemical composition;
microhardness.

Amnotauist. Jlocnipkennit npouec nudysiiiHoro 3BaproBanHs y BakyyMi (/[3B) koMIio3uty Ha OCHOBI aJIFOMIiHIIO 3 BH-
KOPHCTaHHSIM HAaHOCTPYKTYPHHX (DOJIBI CHCTEM altoMiHif—HiKesb Ta amoMiHii—TuTad. Crias anmominito 6061 3min-
HIOETBCSI KapOinom kpemHio (55 % ar.). BiH Mae HU3bKY MJIaCTHYHICTb, 10 YCKIIAAHIOE JeopMalliiiHy aKTHBALII0
3’€IHYBaHMX 10BepXoHb. Tomy /[3B BUKOHYBany Yepe3 NPOMIKHI MPOKIAAKH, HATIPUKIIA] aTlOMiHIEBY (oiibry. 3a-
CTOCOBaHI MPOKJIaIKH, OTPUMAaHI METOIOM €JISKTPOHHO-ITPOMEHEBOI'0 0CaKYBAHHS. Y MPOKIIAAKax 3 HONEepEeMiHHH-
MU HaHOILIApaMH TIiJI Yac NIBUAKOIO HArpiBaHHs MPOXOJSTH peakilii caMONOIIMPIOBAHOTO BUCOKOTEMIIEPATYPHOTO
CHHTE3Y, BHACIIIOK SIKOTO KUIBKICTh BUJIIEHOTO TeIlIa JOCTATHS JUIsl JI0JaTKOBOTO HArpiBaHHs KOMIIO3UTY 1 HOro
HiATUIABJICHHS, 110 3a0e3leuye aKTUBAlilo 3’€JHYBaHUX MOBEpXOHb. Ha mepiiomMy erami JOCITIPKEH] MPOLECH Mo-
B3y4OCTI KOMIIO3UTY B yMoBax /[3B, Bu3HaueHi napamerpy 1 piBHSHHS OB3y4YOCTi, @ TAKOX A0IycTUMi aedopmartii,
1110 HE NPU3BOJSTH 10 yTBOpeHHs TpimwmH. st [I3B Bukopucranu gonsry cucrem Al/Ni i Al/Ti tommnoro 20, 40,
50 i 94 MKxM. YCTaHOBIICHO BIUIMB TOBILMHHM NPOKJIAJOK Ha (opMyBaHHs 3’€1HaHb. [lokazaHo, 10 HE3aIEKHO Bij
CHCTEMH TIPOIIAPKIB Ha OUIBIIIM YaCTHHI CTHKY METall MAa€ CTPYKTYPY KOMIIO3UTY i3 3arajlbHUMHU 3epHAMH 1 MExKi
MK 3’€THAHUMH 3pa3KaMu HEe BU3HAUYAIOTHCS Hi 32 CTPYKTYPOIO, Hi 3a XiMiYHMM aHajiizoM. Ha pinsiHKax 3 mporap-
KOM HOro MakCHMMaibHa TOBIIMHA He nepesuitye 9 MxMm. [Ipu ToBuHI 41 MKM CTPYKTypa Majo BiApi3HIETbCS BiJ
cTpykTypH ipu ToBuHI 20 MkM. [Ipu ToBIMHI Qobru 90 MKM Hpomapok TOBIUHOK 60...70 MKM CHIOCTEPITraeThCs
Ha BCili 10BXHHI CTUKY. BOoHa npopearyBaia NoBHICTIO. Y IIEHTPI NPOMIapKy HOro cKiaja OJIM3bKUH 10 ckiany dhasu
Ni,Al. YcranosneHo, 1o 3acTocyBaHHs HaHoOararomaposux goibr cucremu Al/Ni i Al/Ti 3a6esneuye popmysan-
Hs sIKICHUX Oe3neeKTHUX 3’€/IHaHb 3 peallizalli€lo CaMOIOIIMPIOBAHOTO BHCOKOTEMIIEPATypHOTO CHHTE3Yy IHTEp-
metanizaiB. s po3paxyHky napamerpiB pexxumy J[3B noctaTHbO BUKOPHCTATH PIBHSHHS OB3Yy4OCTI KOMIIO3UTY Ha
ycTayieHii crauii.

Korouosi ciioBa: komro3ut; HaHoOararomrapoBa (osbra; MoB3y4icTh; CAMOIOIINPIOBAHUN BHCOKOTEMIEpAaTypHUI
CHHTE3; XIMIYHHH CKJIa]]; MIKPOTBEPJIICTb.

Annotauus. Vccnenoan nponecc muddy3nonnoil cBapku B Bakyyme (JJCB) xommo3uTra Ha OCHOBE aITIOMUHUS
C MPUMEHEHHEM HAHOMHOTOCIIOWHBIX (JOJIBI CHCTEM ATIOMUHMH—HUKEIb U amoMUHMH—THTaH. CIUIaB altOMHHUS
6061 ynpounsiercs kapOunoM kpeMuust (55 % ar.). OH nMeeT HU3KYIO MIIACTUYHOCTD, UTO 3aTPyAHSET Ae(hOpPMaIMOH-
HYIO aKTHBAIMIO COSANHAEMBIX moBepxHOCTeH. [ToaTomy JICB BBRITOTHAIOT Yepe3 MPOMEKYTOUHBIE MTPOCIONKH, Ha-
pUMep ATOMUHUEBYIO (hombry. [IpruMeHeHbI MPOCIOMKHY, MOTyYeHHbIE METOZIOM AIICKTPOHHO-TY4EBOT0 OCAXKICHHUS.
B npocrnoiikax ¢ 4epeyoImnuMHCs HAaHOCTOSIMHU ITPU OBICTPOM HAarpeBe MPOTEKAIOT PEAKIINU CaMOPACIPOCTPAHSIONIE-
TOCsI BBICOKOTEMIIEPATYPHOT'O CHHTE3a, IPH KOTOPOM KOJIMUECTBO BBIAEISIONIETOCS TEIUIA JOCTATOYHO /ISl TOTIOTHH-
TEJILHOTO HAarpeBa KOMIO3UTA H €T0 MOJIUIaBICHNS, YTO 00ECTIeYNBaET aKTUBAINIO COCJMHAEMbIX ToBepxHOCTeH. Ha
MIEPBOM 3Talle UCCIIEI0BAHbI POLECCHI MOI3YYEeCTH KoMIIo3uTa B ycnoBusax JCB, onpezneneHs! napaMeTps! U ypas-
HEHUE MO3Y4ECTH, a TAKXKE JOMyCcTUMbIe Aedopmaiun, He Bh3biBatomue Tpemut. s JICB ucnons3oBanu Qonsry
cuctreM Al/Ni u Al/Ti Tonmmmnoii 20, 40, 50 1 94 MkM. YCTaHOBIIEHO BIUSHIE TONIIHHBI TPOCIOEK Ha (POPMHUPOBAHHE
coennHenuil. [lokazaHo, YTO HE3aBUCHMO OT CHCTEMBbI NTPOCIOEK Ha OONBIIEH YacTH CTBIKA METAl HUMEET CTPYKTYpPY
KOMITO3MTa C OOIIMMHU 3epHAMH M TPAHUIIA MEXKIY COCAMHEHHBIMU 00pa3iaMu HE OINPEAEIIeTCs HU 10 CTPYKTYPE,
HU TI0 XUMHYeCKOMy aHanmu3y. Ha ygacTkax ¢ mpocioikoi ee MakcHMaslbHas TOJNIIMHA HE MpeBbImaeT 9 M. [Ipu
TommuHe 41 MKM CTPYKTypa Majo OTIMYAeTCs OT CTPYKTYPHI pH Tonmmue ¢poasru 20 Mxm. [Ipu Tommuae Gorasru
90 MxM mpocioiika TonmuHoH 60...70 MKM UAeT 1Mo Beeit qmHe cThika. OHa mpopearnpoBaa MoJHOCThI0. B rienTpe
TPOCTIONKH €€ cOCTaB OMM30K K cocTaBy (a3l Ni,Al. VcTaHOBIEHO, YTO MPUMEHEHHE HAHOMHOTOCIIOWHBIX (OJIBT
cucteMsl Al/Ni u Al/Ti obecrieunBaeT popMHpPOBaHNE KaYECTBEHHBIX 0€37€(PEKTHRIX COSANHEHHUN C pearn3aluei
CaMopacIpOCTPAHSIONIETOCS BBICOKOTEMIIEPATYPHOTO CHHTE3a MHTEPMETAIUINAOB. [|jIs pacueTra mapaMeTpoB pexnma
JCB 10cTaToYHO HUCTIONIB30BATh YPAaBHEHHE TOJI3y4ECTH KOMITIO3UTA Ha YCTAaHOBUBINEICS CTaANN.

KitroueBble €J10Ba: KOMIO3UT; HAHOMHOTOCIIOHHAs (DOJIbra; MoJI3y4ecTh; CaMOPACIPOCTPAHSIOIMHCS BHICOKOTEMIIE-
paTypHBIN CUHTE3; XMMUUECKUN COCTAaB; MUKPOTBEPLOCTb.
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Problem statement. Composite materials with
dispersion hardening are known for a long time. Such
materials with matrices of aluminum alloys and their
properties are described in [1]. Dispersion-strengthened
materials based on aluminum and copper are most often
produced by powder metallurgy methods.

In dispersively strengthened materials, the carrier ele-
ment is a matrix in which, using ultrafine particles of ox-
ides, carbides or other particles that are practically insolu-
ble in the matrix, effective deceleration of the dislocations
is ensured and high strength characteristics and functional
properties are maintained up to the melting point. The
problem of their widespread use is the lack of reliable
methods of joining in both homogeneous and heteroge-
neous combinations: fusion welding leads to the destruc-

tion of their structure and loss of mechanical properties.
The most widely used diffusion welding with intermedi-
ate layers [2—4], but soldering and welding in the solid
state are difficult due to poor wettability and activation of
the joined surfaces. Therefore, this work is relevant.

Latest research and publications analysis. Dif-
fusion welding and brazing of composite materials
began to be applied at the end of the last century [2,
5, 6]. Diffusion welding was usually performed us-
ing non-melting or melting interlayers, which used
adhesive-active solders [5]. In work [2] a composite
material based on aluminum 2124, containing
25...30 at. %. silicon carbide, welded both directly be-
tween themselves and through an aluminum interlayer
and obtained joint strength at 110 MPa (below 50 %
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of the base metal strength) at a welding temperature of
500 °C, pressure of 10 MPa, welding time of 240 minutes.

Increasing the welding temperature to 570 °C of
composite 2124 using aluminum foil 15 mkm thick at
a pressure of 16 MPa and a welding time of 60 minutes
ensures a 127 MPa cut resistance [3].

In [7, 8], the DWV of composite 6061 was investi-
gated at temperatures of 400...650 °C, hardened at 18 %
at. SiC and 30% Al O,, respectively. The effects of tem-
perature, compression pressure and welding time were
investigated. For a composite with silicon carbide, the
welding mode is recommended: 7'= 620 °C; P =5 MPa,
¢t =30 min, at which the bond strength of 210 MPa (72 %
of the strength of the base material) is achieved. For the
composite containing Al,O,, the welding mode is recom-
mended: 7= 600 °C; P =5 MPa, ¢ = 30 min, at which the
ultimate strength o, = 130 MPa (60 % of the strength of
the base material).

The characteristics of DWV of dispersion-strength-
ened composite materials are described in the review [4],
andthe welding ofacomposite based on an aluminumalloy
containing 20 % silicon carbide SiC (4.0 % C) was studied in
[9, 10]. The authors conducted DWV at a temperature of
500...600 °C, pressure up to 3.0 MPa with a welding time
of 30 minutes. There is heterogeneity of the compound
and the presence of defects. When using aluminum foil,
its thickness is recommended 150 mkm. The same foil
thickness was recommended in [11] with an DWV of
aluminum with titanium.

In published works, the recommended parameters of
diffusion welding with non-melting highly plastic micro-
slips vary over wide intervals. As such layers, use techni-
cal aluminum or alloyed with magnesium, silicon, copper
or lithium, which have superplasticity. Eutectic melts are
used as melting layers [12].

It is known [13] that the main parameters of the
DWYV mode are temperature, pressure and welding time.
The change in each of them determines the amount of
plastic deformations that provide the formation of physi-
cal contact, deformation activation and volumetric inter-
action (recrystallization and diffusion), but in the pub-
lished works they determined the total deformation after
welding, without its control during welding and the rela-
tionship with temperature, pressure and time . Therefore,
the deformation varied from 6 to 36.3 %, which does not
allow establishing the patterns of formation of joints and
ensuring stable welding quality.

A new way to connect composites is the use of nano-
folg. At the Paton Electric Welding Institute of NAS of
Ukraine has developed a technology for producing mul-
tilayer foils by electron beam deposition method [14],
which were used in DWV [15, 16]. In layers with alter-
nating nanolayers with rapid heating, reactions of self-
propagating high-temperature synthesis (HTS) occur, in
which the amount of emitted heat is sufficient to heat the
metal in the joint up to 1200 °C and melt it, which en-
sures activation of the surfaces to be joined [14]. In the
Al/Ni interlayer (Al + 57.7 % wt. Ni), the intermetallic
formation reaction occurs between solid nickel and liquid
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aluminum, and in the Al/Ti interlayers, when heated in
the temperature range 250...650 °C, phase transforma-
tions occur in this sequence [17, 18 ]: Al + Ti — ALTi —
— ALTi — ALTi — AlTi.

Separation of previously unsolved parts of the
general problem. In the studies discussed above, rela-
tively plastic composites were combined, including those
based on aluminum with a silicon carbide content of up to
20 %. It is known [19] that with an increase in the amount
of the hardening SiC or Al,O, phase, the plasticity of the
composite sharply decrease. Therefore, on the instruc-
tions of the Customer, it was necessary to investigate the
possibility of a DWV composite containing 55 % SiC,
the information on which DWYV using multilayer nano-
structured foils is not available in the literature. The main
material and foil were supplied by the Customer.

THE ARTICLE AIM — is to investigate diffusion
welding in vacuum (DWYV) of a composite based on an
aluminum alloy 6061 containing 55 % silicon carbide
using a multilayer nanostructured foil and to recommend
its chemical composition.

Methods, object and subject of research

The object of the research is the processes of creep
and formation of compounds with a DWV composite
based on aluminum alloy 6061 using nanostructured
foils.

The subject of the research is the creep parameters
of alloy 6061 under DWV conditions, the structure and
chemical composition of compounds.

Research methodology

For the DWV study, a composite material (CM)
was used, the matrix of which is aluminum alloy 6061,
and the hardening phase is silicon carbide SiC in the
amount of 55 %. Alloy 6061 contains (% wt.) 0.15 Cu;
0.15 Mn; (0.8-1.2) Mg; 0.25 Zn; (0.04-0.35) Cr; 0.15 Ti;
(0.4-0.8) Si; 0.7 Fe; the rest of Al. We used 65%25%3 mm
plates with a polished surface for welding. Welding of
the samples was carried out with an overlap through an
intermediate strip of Al/Ni (AN) and Al/Ti (AT) nano-
multilayer foil with a thickness of 20 to 94 um, obtained
in 23... 335 deposition cycles. The maximum foil thick-
ness of 93 microns has 335 cycles, the minimum thick-
ness of 20 microns has 23 cycles.

DWYV was performed on a UDSV-DT diffusion-va-
cuum unit, the general view of which is shown in Fig. 1,a
and Fig. 1,5 shows the assembly of samples in a vacuum
chamber.

In DWV, it is necessary to provide an interatomic
connection between the surfaces being welded due to
local plastic deformation at elevated temperatures. The
magnitude of the compressive force was chosen from
the condition for ensuring the plastic deformation of
the samples due to creep processes at stresses below the
yield strength of the composite material.

The UDSV-DT installation provides a working va-
cuum of 102 Pa. The parts are heated by high frequency
currents. Weldable plates 4 were installed between the
rods 3, 5 (Fig. 1,b). For heating, a cylindrical inductor /
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Fig. 1. General view of the UDSV-DT installation for DWV () and the scheme of sample assembly in the working chamber (b):
a) I — vacuum chamber; 2 — displacement sensor; 3 — load sensor; b) / — inductor; 2 — thermocuple; 3 — top rod; 4 —

weldable composite; 5 — bottom stock; 6 — cooler

was used, in which the upper and lower rods were heated,
transmitting heat to the overlap plates of the composite
due to heat conduction.

The installation has an automatic maintenance of the
welding temperature, as well as high-precision displace-
ment sensors and loads of the type LIR-14 00PS 11 and
RINC3 / 1t, respectively, with the recording of their read-
ings and the values of the temperature values on a com-
puter. The temperature was measured with a chromel-
alumel thermocouple with an accuracy of +2 °C, which
was maintained by an electronic regulator. The installa-
tion uses 2 loading mechanisms: lever and hydraulic. The
parameters of plastic deformation of the composite were
determined by the method of [15, 16] at the same instal-
lation.

To research the microstructure of the compounds
and the interaction of the composite material with the in-
terlayer, a NEOFOT 21 microscope and a scanning elec-
tron microscope — microanalyzer REMMA 102-02A
were used, on which a local X-ray spectral microanalysis
was also performed.

Basic material. The main parameters of the DWV
mode are temperature, pressure and welding time. The
vacuum in the working chamber was 102 Pa. The se-
quence diagram of the DWV process is shown in Fig. 2.

After installing the samples in the working chamber,
they were compressed by the set pressure of P to avoid
their displacement in the device. With increasing tem-
perature, the pressure of compression was reduced to the
value of the heating pressure P, in order to avoid plastic
deformation.

When the temperature reached the welding tempera-
ture T, the welding pressure P was set. After holding at
the welding temperature, the preset time was reduced to
P, and the heating was turned off.

After welding several samples, the tendency of the
composite to crack formation and the need to control the
level of deformation during the welding process were es-
tablished. For this, the parameters of the creep process
of the composite in the second stage, the effect of tem-

perature and pressure on the creep rate were determined,
and high-precision instruments were used to control the
deformation.

In the second creep stage, the strain rate is steady
and is determined by the equation [20, 21]:

. m APIC

€E=A4-p exp( RT ), 1)
where & — is the creep rate; AH, — creep activa-
tion energy; p — is the compression pressure; 7 — is
the temperature; R — is the universal gas constant;
A, m — coefficients for this material.

At the first stage of research, the activation energy of
creep was determined by the method of small tempera-
ture jumps [15, 16], as shown in Fig. 3.

As can be seen from Fig. 3, the strain curve of the
samples was first recorded at a temperature of 605 °C,
then the temperature rose to 620 °C and the strain curve
at 620 °C was recorded at the same pressure. Accord-
ingly, the strain rates were determined (lines A-A and
B-B), and the activation energy was determined by the
equation

7°c;
P, MPa
Ah, mm

t, min

Fig. 2. The sequence diagram of the DWV composite process

218



N°2 (10) 2018

Ah, mm T°C; P, kG
|
% / T, =605 | '75= 620600
051 B y | | 500
4
0.4 ‘%OM || 400
A
0,31 e e 110
|\\
0,2 " 1| B [200
1 Tp I T
0,1 | 100
5 10 15 t, min

Fig. 3. Determination of the creep activation energy by the
method of small temperature jumps

where T, = 878; T, = 893 on the Kelvin scale; 8—2 =1.75
creep activation energy AH_ = 242 kJ/mol. &

After conducting studies at other pressures, using
the equation (1), the coefficients m, 4 are determined: m
=21,4=13-10"

Using these parameters and equation (1), it is pos-
sible to determine the combination of temperature, pres-
sure and welding time, which will ensure the allowable
deformation of the composite without the appearance of
cracks. The displacement sensor allows, if necessary, to
carry out adjustment of the mode. We have chosen the
welding temperature of 590 + 5 °C and determined the
allowable amount of plastic deformation of 5...7 %. De-
pending on the thickness of the interlayer, the amount of
permissible deformation varies somewhat in the case of
melting of the base metal.

In our studies, Al/Ni foils with a thickness of 20, 40,
50, and 94 mkm were used. The Al/Ti system foil con-
tained about 22.5 % at. Titanium, the Al/Ni system foil
contained about 40, 45 and 55 % at. Nickel.

After welding the microstructure, microhardness
and chemical composition of the metal in the joint zone
were investigated. For example, Fig. 4 shows the mi-
crostructure of welded joint with Al /Ti interlayer with
a thickness of 41 mkm, containing 22.9 % at. Titanium.

Hardness was measured at the center of the interlay-
er (p. 2), in the transition zone (p. 1), in large inclusions
in the composite (p. 3, p. 4) and in the composite matrix
(p. 5, p. 6). Inclusions in the composite have high micro-
hardness (more than 19500 MPa) and represent silicon
carbides. The composite matrix has a microhardness of
2600...2800 MPa. In the center of the interlayer the mi-
crohardness is 4470 MPa and in the transition zone —
2500 MPa.

The material in the center of the interlayer is the fol-
lowing chemical composition (% at): 67 Al; 16 Si; 15 Ti,
which is different from the chemical composition of the
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Fig. 4. The microstructure of the compound in the DWV of the
composite, through an Al/Ti interlayer containing 22.9 % at. Ti,
=41 mkm

interlayer. This indicates its interaction with the base
metal. Along the junction there are areas where there is
no solid layer and the joint cannot be determined, since
the structure of the metal is uniform. The joint is not de-
termined by chemical composition using microanalysis.
Such a structure is shown in Fig. 5.

A similar structure is formed when using Al/Ni foil
containing 54.8 % at. Ni, with a thickness of 20 mkm
(Fig. 6,a).

On the non-extended areas of the joint, where there
is an interlayer, it does not have a clear boundary with
the base metal and will smoothly disappear from the joint
(Fig. 6, b). This indicates the interaction of the interlayer
with the base metal. At the center of the interlayer is
the following chemical composition (% at.): 54.1 Al;
26.0 Si; 19.9 Ni, which confirms the flow of intensive
processes of interaction in the contact of the solid and
liquid phases.

With thicknesses of 93 and 94 mkm interlayers, both
the Al/Ti system and Al/Ni at the junction, an thickness
of 60...70 mkm is formed, as shown in Fig. 7.

In the center of the layer (p. 3) has the chemical
composition (% at.): 39 Ni; 53 Al; 7 Si, close to the com-
posite (p. 4): 25 Ni; 64.5 Al; 6.2 Si with foil composition:
42.2 Ni; 57.8 Al. The concentration of nickel, which is
present only in the foil, decreases with distance from the
center of the layer. Silicon passes into the layer, which
is possible only due to the interaction of the foil with the
composite.

Considering the low temperatures and the short du-
ration of the synthesis reaction, the change in the com-
position of the interlayer at the junction is due to the pro-
cess of dissolution of the composite.

Similarly formed at the junction of the layer when
using Al/Ti foil with a thickness of 94 mkm. In some ar-
eas in the joint zone there is small loosening in the com-
posite, directly adjacent to the interlayer.
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20.00kV _ x500

b)

Fig. 5. Microstructure of CM welded joint with Al/Ti interlayer («) x100 and at points of local X-ray spectral microanalysis (b)

with an interlayer thickness of 41 mkm

Fig. 6. The structure of the compound at the DSB of the composite through an Al/Ni interlayer with a thickness of 20 mkm (a) X200

and at points of local microanalysis points (b)

Discussions. One of the most important mechanisms
in DWV, as in other methods of welding in the solid state,
is the deformation activation of the surfaces to be joined.
Composite dispersively hardened materials with a high
content of hardening phase have low ductility, which of-
ten leads to the appearance of cracks during compression
of parts. The idea of using nanostructured interlayers in
DWYV composites is that nano-multilayer foils have al-
ternating nanolayers of metals, which form intermetallic
compounds with a large thermal effect. With rapid heat-
ing, reactions of self-propagating synthesis proceed and
the heat released additionally heats the metal in the joint
zone, ensuring the activation of the surfaces. Analysis of
the microstructures and chemical composition of welded
joints shows that Al/Ni and Al/Ti systems provide active
interaction of the foil with the composite, as evidenced
by the presence of composite chemical elements in the
resulting interlayer (see Fig. 4-0).

Studies of the effect of the thickness of the interlayers
on the formation of the compounds showed that the struc-
ture of the compounds is significantly different for small
thicknesses (20 mkm) and large (90 mkm). At thicknesses
of 20 mkm, regardless of the foil system over a long joint,
the metal has a composite structure with common grains
and the boundary between the connected samples is not
determined either by structure or by chemical composition
(see Fig. 5 and 6). In areas with a layer of its maximum

WD=25.0mm

20.00kV  x500

Fig. 7. The microstructure of the compound at the DSB of
the composite through an Al/Ni interlayer with a thickness of
93 mkm, contains 42.2 % at. nickel

thickness does not exceed 9 mkm. When the thickness of
the AI/Ti foil is 41 mkm, the structure differs little from
the structure at a foil thickness of 20 mkm.

With a foil thickness of 90 mkm, an interlayer
60...70 mkm thick extends along the entire length of the
joint. She reacted completely. In the center of the inter-
layer, its composition is close to the composition of the
NiAl, phase.
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According to the structure of the welded joint, the
best option is a foil 20 mkm thick. The disadvantage of
such a foil is its fragility and difficulty in working with
it. When the foil thickness is 90 mkm and more, a thick
continuous layer of brittle intermetallic is formed. There-
fore, the best option is to use a foil with a thickness of
about 40 mkm.

Comparing the obtained results with the literature
data, it should be noted that the DWV of the brittle com-
posite containing 55 % silicon carbide was performed
for the first time using a clear method for determining
the mode parameters through the allowable amount of
plastic deformation determined by the established creep
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parameters. It is shown that to calculate the parameters
of the DWV regime it is sufficient to use the creep equa-
tion at the steady state.

CONCLUSIONS. 1. It has been established that
the use of nanomicrolayer foils of the AI/Ni and Al/Ti
systems ensures the formation of high-quality defect-free
compounds with the realization of the reaction of self-
propagating high-temperature synthesis of intermetallic
compounds.

2. The parameters of the DWV mode of the com-
posite are determined taking into account the allowable
plastic deformation using the established creep equation
in the second stage.
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