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copper. Concentration curves are plotted for the Al-Cu interaction zone dur-
ing explosion welding, in which there are no intermetallic phases correspond-
ing to the equilibrium diagram of state. The coefficient of mutual mass
transfer turns out to be several orders of magnitude higher than the hetero-
diffusion coefficient of the same elements under diffusion-annealing condi-
tions. The explosion welding is performed using a coaxial scheme by throw-
ing a copper tube on an aluminium rod.

Key words: aluminium, copper, explosion welding, mass transfer, diffusion,
interaction zone.

BuBueno ¢opMyBaHHS mepexXigHOI 30HU i Yyac 3BapIOBaHHA BUOYXOM aJIfOMi-
Hilo 3 MiAAI0 y BakyyMi Ta Ha oBiTpi. 3a po3moaijioM KOHIIeHTpaIlii eJJeMeHTiB
BU3HAUEHO KoedillieHT B3a€EMHOTO MacOIlepeHeCeHHA Yy HepOo3HiMHOMY
3’enmanui Al-Cu. Buasuiocs, 110 MmaconeperneceHuss Kynpymy B aroMiHii 3a
YMOB 3BaprOBaHHA BHOYXOM Bif0OyBaeThbCcsa HA OiJbIN IHOWHN IIOPiBHAHO 3
TJINOMHOI0 MPOHUKHEeHHA AnfoMiHito y Miab. Ile mosgcHIOETHCA THUM, IO IIPH-
poza MPOHUKAJIbHUX aTOMiB He Ma€ TaKoro CUJILHOTO BILIUBY, AK B YMOBaX
IudysifiHoro BiAmany, a BUSHAYaJIbHUM € IePioJ I'PATHUIL, AKUN Y aJoMiHii0
€ OinpmmuM, aHixk y migi. Kounenrpaniiiai KpuBi moOymoBaHO IJIs1 30HU B3a€-
moxii Al-Cu mix yac 3BaproBaHHA BuOYXOM, B sSKill BigcyTHi imTepmerasieBi
dasu, 1110 BiAmOBiga0Th PiBHOBaXKHIiM Aiarpami crany. KoegiiieuT B3acMHOr0
MacolepeHeceHHsA BUABUBCA Ha KiJIbKa HOPAIKIB BHIITUM, aHiK KoedimieHT
retTepoaudysii Tux JKe eaeMeHTIB B ymMoBax AudysiliHoro Bigmasy. 3BaproBaH-
HS BUOYXOM BUKOHYBAJIX 34 KOAKCIAJIBLHOIO CXEeMOIO IIIJITXOM MeTaHHSA MigHOI
TPYOKHM Ha aJIOMiHIAOBUY CTPUIKEHbD.

Karouosi ciaoBa: anxomimiii, Mings, 3BapoBaHHA BHOYXOM, MacolepeHeCeHHd,
nugysisa, 3oHa B3aeMomii.

(Received 6 June, 2024; in final version, 9 July, 2024 )

1.INTRODUCTION

Explosive welding [1-3] attracts the attention of researchers and tech-
nologists due to the presence of a number of advantages over other
types of welding. The most important of them is the possibility to ob-
tain reliable joints of a wide range of metals, which may differ in hard-
ness, melting point, the possibility of the formation of solid solutions
and intermetallides, linear expansion and mass-transfer coefficients.
The use of the term ‘diffusion’ in explosion welding is not quite cor-
rect. The term ‘mass transfer’ is more accurate, since the process takes
place under conditions far from equilibrium. Under such conditions,
the phenomenon of accelerated mass transfer in the solid phase [4—-6],
which is realized in shock waves [7—10] and in other types of pulse pro-
cessing, such as shock welding [11, 12], pulse laser processing [13, 14],
martensitic transformations [15-17], elastic compression waves [18,
19], ultrasonic shock processing [20] and other ones [21], is manifested
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during high-speed deformation.

An important circumstance is also the fact that explosion welding
can combine obtaining a joint with simultaneous strengthening of the
base metal and the joint zone.

Consequently, for the selection of welding, modes should be based on
the concepts of the interaction of metals in the solid phase, because the
presence of a liquid phase can lead to the formation of brittle interme-
tallides. This approach allows us to establish the role of the main fac-
tors affecting the course of solid-phase reactions, namely, the defects
in the crystal structure and the mutual mass transfer of the compo-
nents to be joined.

The process of joint formation during explosion welding of copper
with aluminium, including coaxial joints, is greatly influenced by the
heated shock-compressed gas filling the gap between the surfaces due
to the low melting point of aluminium and the formation of a low-
melting (Twat = 548°C) Al:Cu + x eutectic [22]. To eliminate the influ-
ence of shock-compressed air during explosion welding, vacuuming of
the welding gap is used.

Therefore, the purpose of this work is to study the peculiarities of
mutual penetration of copper and aluminium and the influence of mass
transfer on the formation of an unbreakable Al-Cu coaxial joint dur-
ing explosion welding, including vacuumization of the welding gap.

Let us consider the equilibrium diagram of the states of this pair
[23]. As follows from the above diagram, the solubility with the for-
mation of a solid solution of Cu in aluminium and aluminium in Cu is
very different. At room temperature, Cu dissolves into Al in an
amount of 0.2% wt. (0.1 at.%) and the maximum solubility is of
5.65% wt. (2.48 at.%) at eutectic temperature. At the same time, the
face-centred cubic lattice (f.c.c.) parameter of aluminium decreases
from 0.4049 nm to 0.4038-0.4041 nm.

At room temperature, Al is dissolved in copper in an amount of
7.1% wt. (3.2 at.%). At the same time, the f.c.c. lattice parameter of
Cuincreases from 0.36151 nm to 0.36633 nm.

A comparison of the above data indicates that the solubility of Al in
Cu with the preservation of a solid solution is about 35 times higher as
compared to the solubility of Cu in Al. Analysis of diffusion data
showed that this affects the diffusion rate of aluminium and copper
atoms[24, 25].

Comparison of diffusion coefficients of copper in aluminium and
aluminium in copper in works [26, 27] showed that, when the reduced
temperature is equal (Tanncal/ Tmeit.), Where Tannear is the diffusion anneal-
ing temperature, T is the melting temperature of the metal, in
which diffusion takes place, the diffusion coefficients are equal.

Diffusion (mass transfer) processes in metals and alloys under con-
ditions of explosion processing are currently insufficiently studied.
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This information is necessary for the development of explosion weld-
ing modes for new combinations of materials. In particular, we can cite
the works [5, 6, 9, 11], in which the authors considered these issues. In
Ref. [30], they studied the processes of diffusion interaction in the
boundary layer of the Cu—S235 (analogue of steel 3) bimetal. It was
found that the mutual penetration of copper and iron is directly de-
pendent on the pressure in the contact zone. Thus, at pressure P=4
GPa, the effect of copper penetration into S235 and back within the
sensitivity of the method is not detected, and at P =21 GPa, the depth
of the interaction zone is of about 7 microns.

The estimated value of the coefficient of mutual diffusion (mass
transfer) in the system Cu—S235 is of the order 10°2-103cm?/s. This
value is much higher than the values of the diffusion coefficients of
copper in iron and iron in copper under steady-state conditions. Thus, at
normal pressure, Drescu=1.32-10"cm?/s and Dcysre=2.7-1071% cm?/s
[29]. Possible mechanisms of such excess at explosion welding of Cu—
S235 compared to diffusion under steady state conditions are considered
in Refs. [5, 31].

However, under the conditions of explosion welding, as noted above,
this issue is practically not studied. Among other things, it concerns
the Al-Cu bimetallic pair. This metal pair is of practical interest for
the fabrication of bimetallic conductors (copper sheath on an alumini-
um base with low density).

To avoid confusion, the following terminology will be adopted in
this paper. The processes of atom transfer due to concentration gradi-
ents under conditions close to equilibrium will be called as ‘diffusion
processes’. The term ‘mass transfer’ will be used to describe the pro-
cesses occurring in nonstationary conditions and accompanied by plas-
tic deformation. Calculations of the corresponding coefficients for
these processes occurring at the atomic level will be performed by simi-
lar methods, taking into account the process time.

2. EXPERIMENTAL AND THEORETICAL DETAILS
2.1. Description of Materials

In this work, aluminium (1230) and copper (11000) were used as weld-
able materials. The choice of these materials is primarily due to their
use as basic or cladding elements of composite materials for electrical
applications.

Explosion welding was carried out according to the coaxial scheme
by throwing a copper tube of 28 mm diameter with a wall thickness of 1
mm onto an aluminium rod of 24 mm diameter. The length of the weld-
ed blanks was 1000 mm. Explosive welding of the tubes was performed
at an impact velocity of 320 m/s, with and without vacuumization of



PECULIARITIES OF TRANSITION-ZONE FORMATION AT Al-Cu EXPLOSION WELDING 979

TABLE 1. Chemical composition of aluminium 1230.

Impurities (no more), %
Ti | Mg [Cu| Mn | Zn | si Fe
99.3 0.15 0.05 0.05 0.025 0.1 0.3 0.3

Al (not less), %

TABLE 2. Chemical composition of copper 11000.

Cu Impurities (no more), %
(notless),%| Bi | Sb | As| Fe | Ni [Pb |Sn| S | O | Zn
99.90  0.001 0.002 0.0020.005 0.0020.0050.0020.004 0.05 0.004

the welding gap.
The chemical composition of aluminium and M1 copper is presented
in Tables 1, 2.

2.2. Preparation of Specimens for the Study

After fabrication of the bimetallic rod by explosion welding, cylindri-
cal specimens (up to 17 mm in length) were cut from it for microstruc-
ture study. These specimens were then cut in half in the longitudinal
direction so that the cutting line passed through the centre of the spec-
imen, taking into account the thickness of the cutting tool.

After cutting and polishing, the obtained specimens were washed in
ethyl alcohol using an ultrasonic cleaning machine. The study was car-
ried out on non-polished specimens.

2.3. Obtaining Concentration Curves

The main studies of the structure and chemical composition of the
compound zone were carried out on the Auger microprobe JAMP-
9500F of the ‘JEOL’ company (Japan).

The Auger-microprobe JAMP-9500F combines the properties of a
high-precision Auger-analyser with energy resolution (AE/E =0.05%),
and a good scanning electron microscope with secondary electron reso-
lution, which is not worse than 3 nm on a 24-millimeter working sec-
tion.

Concentration curves of the transition zone of a copper—aluminium
joint obtained by explosion welding in air and in vacuum were plotted
as aresult of the research.

The penetration depths were determined by the corresponding con-
centration curves, and the interface between the two materials was
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taken as the origin of the co-ordinates.

2.4. Method of Layer-by-Layer Analysis

This method is used, when using radioactive isotopes [5], as well as
when using other methods, by means of which the concentration of the
diffusing element at a certain depth of the diffusion zone is deter-
mined. Thus, according to the measured values of the activity of la-
belled atoms or their concentration, the concentration curve of the el-
ement distribution in the diffusion zone is constructed, which is the
basic curve for determining the values of mass-transfer coefficients.

The concentration distribution curves of diffusing elements in the
sample serve as an experimental basis in this case. The essence of this
method is described in Refs. [4, 31].

The calculation formula for determining the value of the mass-
transfer (diffusion) coefficient has the following form:

(1)
or, on the other hand, when passing to the decimal logarithm),
0.1086
D, =- ; (2)
ttga

T is processing time, tga is angle of inclination of the tangent to the
concentration curve.

2.5. Boltzmann—Matano Analysis

This method is used to calculate the coefficient of mutual diffusion,
which depends on concentration [32]. The concentration curve in the
co-ordinates ¢ = f(x) corresponds to a certain mass-transfer (diffusion)
time. Hence, t = const. Then,

D, . :———jxdc. (3)

The influence of concentration on the diffusion coefficient must be
taken into account, when the metals to be welded have a whole set of
intermetallic compounds. Such metals include Al-Cu pair, Fe—Ti, Al-
stainless steel, and many others, which also find application in various
fields of science and technology.

It should also be noted that, in explosion welding, the problem of ex-
perimental and theoretical assessment of the temperature in the joint
zone is difficult.
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This factor should be taken into account, when developing the weld-
ing mode, since it has a significant impact on the formation of phases
(including the formation of intermetallides) and the structural state of
the welded joint material, as well as on the diffusion characteristics of
the components of this joint. The temperature factor is especially im-
portant in the case of the explosion welding of metals with very differ-
ent melting points.

3. RESULTS AND DISCUSSION

3.1. Explosion Welding of Copper with Aluminium with Vacuuming
of the Welding Gap

The distribution curves of copper in aluminium and aluminium in cop-
per after explosion welding are shown in Fig. 1.

In the above graphs, we can see that the depth of aluminium pene-
tration into copper (0.7 um) is smaller than the size of the copper—
aluminium interaction zone (approximately 1.8 um).

It should be noted that, according to the equilibrium diagram, the
solubility of the elements in the Cu—Al system is different. According
to Ref. [23], at room temperature, copper dissolves in aluminium in
the amount of 0.1 at.% . Under these conditions, the amount of alu-
minium in copper reaches 18 at.%, i.e., much more.

In addition, the shape of the concentration curves (Fig. 1) and the
microstructure photograph (Fig. 2) indicate that there are no interme-
tallics in the area of interaction between copper and aluminium, which
are formed in this system in a wide range of concentrations under equi-

at. %

90- N
i Cu
80-

70+

60

50—

40

30

20+

10 C
- 0

0 1 2 3 4 5 6 7 8 um

0

Fig. 1. Concentration curves of copper in aluminium and aluminium in copper
after vacuum explosion welding.
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4 um

Fig. 2. Microstructure of the contact zone after vacuum explosion welding of
copper with aluminium (x150, back (secondary) electrons).

librium conditions. In this case, a solid solution of aluminium in cop-
per is formed and vice versa. This can be explained by the short time of
the pulse action and rapid cooling due to effective heat removal from
the zone of elevated temperatures. In other words, the duration of the
elevated temperature is shorter than the latent period of intermetallic
formation. It should be noted that the copper distribution curves in
aluminium were determined both in areas with and without interme-
tallics. In our publication, we present the curves in the areas without
intermetallics, while the area next to it, which is not visible in the pho-
to, has intermetallics.

In Figure 2, the dots show the places where the concentration of el-
ements was determined.

From the graphs shown in Fig. 1, it is possible to determine the coef-
ficients of mutual diffusion in the Cu—Al system by the Matano—
Boltzmann method [32]. Mutual diffusion—mutual penetration of at-
oms or molecules at contact of two environs (solid, liquid, gaseous).
Mutual diffusion coefficient Di; is related to partial self-diffusion co-
efficients D; and D: (ni, ne are concentrations of corresponding ele-
ments):

D, - D,n, + Din, . )
n, +n,

In this case, the value of the Cu—Al mutual mass-transfer coefficient
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was equal to Dyt =1.0-102cm?/s. At the same time, during the sta-
tionary annealing of this pair (523 K) [29], Dmut. is of 1.2-107'2 cm?/s.
Their ratio is 8.3-10°. Thus, an increase in the coefficient of mutual
mass transfer by almost 10 orders of magnitude is observed during ex-
plosion welding of copper with aluminium that indicates the realisa-
tion of the phenomenon of anomalous mass transfer.

To determine the values of the partial mass-transfer coefficients of
copper into aluminium and aluminium into copper, the corresponding
branches shown in Fig. 1 were used. The mass-transfer coefficient was
calculated according to the Gruzin method using the data from Fig. 1[4].

As can be seen in Fig. 3, the graphs represent a straight line, which
suggests that this transfer process is realised in the volume, which re-
sembles the classical diffusion transport. As can be seen in Fig. 3, the
atoms penetration of aluminium into copper in comparison with copper
into aluminium occurs at greater depths, despite the fact that the solu-
bility, according to the diagram of states, is greater for aluminium in
copper [23]. The calculated mass-transfer coefficients are
7.4-10* cm?/s and 4.3-1073 cm?/s, which is practically equal to or even
higher than the coefficients of atomic diffusion in the liquid metal
[33]. Under equilibrium conditions, the values of the heterodiffusion
coefficients at the deposition temperature of 973 K are 1.6-10!! cm?/s
and 6.7-10° cm?/s at 903 K [29]. The excess of the mass-transfer coef-
ficients of aluminium atoms into copper in comparison with the heter-
odiffusion coefficient is approximately 8 orders of magnitude, and of
copper atoms into aluminium is 6 orders.

1.7

1.6+

s
S
1

lg(C/x)

1.34

1.2+

0.2 0.4 0.6 0.8 1.0 1.2

Fig. 3. 1g(C/x) = f(x?) dependence: transport Al to Cu (1) and Cu to Al (2) at
explosion welding in vacuum.
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The obtained result can be explained by the fact that the nature of the
penetrating atoms does not have such a strong influence at the values of
the mass-transfer and diffusion coefficients, as in conditions of diffu-
sion annealing, and the determining factor is the lattice period, which is
larger in aluminium. Under conditions of mass transfer, a major role is
played by mobile dislocations, which can entrap the penetrating copper
atoms. This leads to the fact that the deformation and mass-transfer
processes are easier in less strong aluminium. As can be seen, the in-
creased solubility of Al in Cu according to the equilibrium state diagram
[23] has no effect on the mass-transfer coefficients during blasting.

3.2. Explosive Welding of Copper with Aluminium in Air

The welding parameters in air are identical to those used for welding in
vacuum except for the temperature in the contact zone, which was
higher in air due to heating by shock-compressed gas.

Concentration-distribution curves of Al in Cu and Cu in Al obtained
in the study of the welded joint of the Al1-Cu-metal system are present-
edin Fig. 4.

From the comparison of the presented curves, it follows that the siz-
es of the zones of penetration of the mentioned elements into each oth-
er are significantly different. Thus, the size of the Al — Cu zone is of
about 0.7 um, and for the Cu — Al zone, it is of 2.6 um.

From comparison of the shape of concentration curves (Fig. 4) and
microstructure (Fig. 5), it follows that there are no intermetallides in
the zones of copper—aluminium interaction (as well as in the case of

at. % S
902 W*\ ——

50

Fig. 4. Concentration distribution curves of copper in aluminium and alumin-
ium in copper after explosion welding in air.
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Fig. 5. Microstructure of Cu—Al contact zone after explosion welding in air
(x150, back (secondary) electrons).

welding in vacuum).

Figure 5 shows the contact zone of the welded element Cu—Al.

The coefficient of mutual mass transfer in the Cu—Al system is
Dy =1.0-102cm?/s during air blast welding. Consequently, in the
case of explosion welding in air of copper and aluminium, there is ob-
served (as well as in the case of welding in vacuum) an increase in the co-
efficient of mutual mass transfer by more than 9 orders of magnitude.

For the determination of the values of the mass-transfer coefficients
of copper to aluminium and aluminium to copper at welding by explo-
sion in air, the corresponding concentration curves (to the right and
left from the zero axis x [um], Fig. 4) were used. Figure 6 presents con-
centration curves of distributions of copper in aluminium and alumin-
ium in copper, which are rearranged in 1g(C/x) = f(x?) co-ordinates.

For the explosion welding of Cu—Al in air, the volumetric character
of the mass-transfer process is observed, as well as for the welding of
this pair in vacuum.

Calculation of the mass-transfer coefficients in this case gives the
values (D) A'=7.2.10%cm?/s and (D) =1.03-103cm?/s. These
values of Dy, slightly exceed the values of diffusion coefficients in Cu—
Al vapour in the liquid state [33].

Comparing the mass-transfer coefficients at explosion welding in
air with the case of stationary annealing at temperatures of about
900 K (see data in the section on explosion welding in vacuum), we ob-
tain that the increase in the mass-transfer coefficient of copper to al-
uminium is about 6 orders of magnitude, and for aluminium to copper,
it is about 8 orders of magnitude.
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Fig. 6. 1g(C/x) = f(x?) dependence: transport Al to Cu (1) and Cu to Al (2) at
explosion welding on air.

In the case of explosion welding in air, the depth of mass transfer of
copper to aluminium is greater, which can be explained by the higher
temperature compared to vacuum welding. As can be seen from Table
3, the mutual mass-transfer coefficient does not depend on the atmos-
phere used at welding. Since the heating temperature during explosion
welding is higher on air, and Du.:. are equalled for both atmospheres, it
can be concluded that heating due to the presence of air can be neglect-
ed, and the main contribution to mass transfer is made by the move-
ment of atoms under the action of the driving force.

As mentioned above, the experimental results on mass transfer in
copper—aluminium explosion welding indicate its high speed and vol-
umetric nature. Usually, atomic migration can be associated with vari-
ous diffusion mechanisms: vacancy, dislocation, internodal, etc. Con-
sideration of these mechanisms has shown that migration through va-
cancies or along dislocation tubes cannot provide the available penetra-

TABLE 3. Values of the diffusion and mass-transfer coefficients.

Dinyt., cm?/s (Cu—Al) | Dyetero, cm?/s Dy, cm?/s

Explosion
welding in
vacuum
and air

Diffusion
annealing
(523 K)

Cu— Al

(903 K)

Al — Cu
(973 K)

Explosion
welding in
vacuum
(Cu— Al

Explosion
welding in
vacuum
(Al - Cu)

Explosion
welding in
air
(Cu— Al

Explosion
welding in
air
(Al - Cu)

1.0-102

1.2.107'2 6.7-10° 1.6-101!

4.3-1073

7.4-10™*

7.2.10°®

1.03-1073
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tion rates and depths. As for the internodal mechanism, despite the
erroneous statement of the author of Ref. [34] about the high energies
required for the creation and movement of its own (or substituted) in-
ternodal atom, this assumption of the internodal mechanism has the
right to exist since the creation of this defect occurs at the expense of
the energy of impulse deformation, and for its movement, the required
energies are by 1-2 orders of magnitude lower than for the movement
of the vacancy.

4. CONCLUSIONS

The main conclusions are as follow.

1. The coefficient of mutual mass transfer in an unbreakable Cu—Al
joint obtained by explosion welding has been determined. The coeffi-
cients of mass transfer at vibe welding exceed their values at diffusion
welding by = 7-10 orders of magnitude and by =11-12 at isothermal
falls.

2. Despite the higher solubility of aluminium in copper, according to
the equilibrium diagram of state, it turned out that the mass transfer of
copper to aluminium in the conditions of explosion welding occurs at
greater depths compared to the depth of penetration of aluminium into
copper. This is explained by the fact that the nature of the penetrating
atoms does not have such a strong influence on the conditions of thermal
annealing, and the determining factor is the lattice period, which is larg-
er in aluminium than in copper. In addition, under conditions of mass
transfer, mobile dislocations play an important role, which can entrain
penetrating atoms. This leads to the fact that, in less durable aluminium,
deformation processes occur much more easily, and this leads to the fact
that deformation processes are much easier in less strong aluminium.

3.In the explosive welding of copper with aluminium, the mutual
mass-transfer coefficient does not depend on the atmosphere. Since the
heating temperature of the surface layer of the metals being joined is
higher when air is used, this indicates that heating due to the presence
of air can be neglected, and the main contribution to mass transfer is
made by the movement of atoms under the action of the driving force.
It should be taken into account that the temperature in the joining
zone is a determining factor that causes the formation of brittle inter-
metallic phases and fusible eutectic.

This contribution was created under the partial support of project
No. 0122U002366.
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ysis, surface damage.

B po6Gori nmpencTaBiieHo OPiBHAJABHE JOCTiIKEeHHA TPUOOJIOTIiUHOI ITOBEAiHKHT
Ta MIiKPOCTPYKTYPHMX XapaKTePUCTHUK MABOX pisHmMX cromiB: 77,3% Al-
1,8% Fe—16,7% Si (cron Ha ocuoBi Al-Si) ta 62,9% Al-14,4% Fe—16,9% Si
(cronr Ha ocHOBi Al-Fe—Si). BucokoTemnepaTypHi CTOII BUTOTOBJIEHO METO-
IOI0 JIUTTA 3 mepeMiimnyBamuAM. Tpubosoriuny amajisy IpoBeaeHO MeETOLO0
CKaHYBAJIbHOI €JIEKTPOHHOI MiKpPOCKOMii A/ OLiHKM 3HOCY, YTBOPEHHS Tpi-
IUH i TOPOXKHUH I 060x cromiB. Kpim Toro, mis mociaimkeHHS IXHBOI MiK-
POCTPYKTYpHu OYyJI0O BUKOPUCTAHO OIITUYHY MiKporpadiio. B pesyiabrari Busas-
JIeHO 3HAYHIi BiAMiHHOCTI MisK IBOMAa cTOIIaMu, MPUUYOMY 3PAa30K CTOMIY 3 BHCO-
Koo KoHIleHTpaIlieo Cuinio Mmae BUIlly TBepAicTh 3a BikKepcoM i O6iabIr Bu-
COKY 3HOCOCTiHKiCTh IIOPiBHSIHO 3i 3pa3KOM CTONY 3 HU3LKOIO KOHIIEHTPAIIi€I0
Cuainiro. OnTuuHi MiKpodoTorpadii miATBepIKYIOTh YiTKUI PO3IOIiT 3epeH
JIJIS TIePIIIOTO CTOIY Ta HOAiOHY OAHOPiAHY MiKPOCTPYKTYPY AJSA APYTOro.

KarouoBi ciioBa: MaTepisiio3sHaBCTBO, JIUTTS 3 IEPEMIiIlIyBaHHSIM, BUI'OTOB-
JIeHHS CTOIIiB, TPMOOJIOTiUHAa aHai3a, MOIIKOJKeHH A IIOBEPXHi.

(Received 5 December, 2023; in final version, 9 July, 2024 )

1.INTRODUCTION

Tribology, the study of friction, wear, and lubrication of materials,
has garnered significant interest in recent years, especially in the con-
text of Al-Fe—Si based alloys. These alloys are renowned for their ex-
cellent mechanical properties and potential applications in various in-
dustries. Their tribological behaviour has been the subject of extensive
research, aimed at understanding their performance under different
conditions.

Aluminium-—silicon (Al-Si) alloys stand out as the most extensively
utilized among the three types of cast aluminium alloys. These alloys
demonstrate superior wear resistance, a low coefficient of thermal ex-
pansion, and excellent casting properties, including good fluidity,
minimal shrinkage rate, and a reduced hot crack tendency [1-4]. Con-
stituting 85-90% of all aluminium castings, Al-Si alloys play a pivot-
al role in moulding castings. In aerospace applications, these alloys
find extensive use in electronic packaging materials, engine compo-
nents, and various non-structural parts such as valve housings, tur-
bine impellers, cooling fans, fixtures, rollers, pulleys, bucket bars, and
manifolds. Notably, the representative A357 (Al-Si7T-Mg) grade of
Al-Si alloy is prominently employed in the body and fuel tank of the
Alcoa AGM-86B cruise missile. The fuel tank comprises four large
A357-T6 Al alloy castings, distinguished by their significant size,
high precision, and complex shapes, constituting 80% of the projectile
body, including components like the head cone, inertial navigation de-
vice cabin, engine inlet, conical wing, and various brackets [5].
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Al-Si binary alloys, by nature, cannot be strengthened through heat
treatment. To enhance their overall properties, alloying elements such
as Mg, Mn, and Cu are commonly added, transforming the alloy into a
heat-treatable and strengthened variant. Each element contributes
distinct advantages and drawbacks; for instance, Cu improves heat re-
sistance and tensile properties but may reduce casting and corrosion
resistance. Meanwhile, Mg enhances mechanical strength and corro-
sion resistance but can compromise casting performance, and Mn
forms compounds with Fe to enhance heat resistance. Conventional
cast Al alloys often exhibit needle-like eutectic Si and coarse primary
Si in their microstructure, leading to diminished strength and plastici-
ty. Therefore, inoculants like Nb, B, Na, Sr, and Sb are frequently in-
corporated to refine the microstructure and enhance the comprehen-
sive properties of Al-Si alloys [6, 7]. For instance, Bolzoni et al. (2015)
introduced Nb—B inoculants to an Al-Si alloy, resulting in a signifi-
cant reduction in the size of a-Al and eutectic phases, thereby improv-
ing mechanical properties. The yield strength (YS) of Al-Si alloys gen-
erally falls within the range of 150 to 350 MPa.

In comparison to Al-Si alloys, aluminium—copper (Al-Cu) cast al-
loys boast higher mechanical properties, improved cutting perfor-
mance, high-temperature capabilities, and effective age hardening,
attributed to the Alo.Cu reinforced phase. This makes them suitable for
structural components operating at elevated temperatures or handling
larger loads at room temperature. Among Al-Cu alloys, AICusMnCdV
stands out for its high strength and plasticity, alloyed primarily with
Cu, Mn, Ti, and trace elements Zr, Cd, V, and B. As one of the strong-
est Al-Cu alloys, AlICu;sMnCdV finds extensive application in the aero-
space sector, excelling in mechanical performance at both high and
room temperatures, making it the preferred material for aircraft
frame components [8].

Aluminium—magnesium (Al-Mg) cast alloys are characterized by
excellent corrosion resistance, weldability, moderate strength, and
high ductility. Among them, AIMgsSi;Mn, incapable of strengthening
through heat treatment, is widely employed in aerospace applications
due to its exceptional weldability and heat resistance. This alloy is
commonly used in aircraft engines, missiles, internal combustion en-
gines, chemical pumps, petrochemical pump shells, rotors, blades, and
other critical components [9, 10]. Researchers have explored the ef-
fects of alloy composition, heat treatment, and microstructural char-
acteristics on friction and wear properties. Additionally, surface engi-
neering techniques, such as coatings and treatments, have been inves-
tigated to enhance the tribological performance of these alloys.

Bharath et al. [11] conducted experiments on synthesizing Al2014
alloy reinforced with 20 pm Al;Os particles and studying their micro-
structure and wear behaviour. They employ a two-stage stir casting
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technique with varying weight percentages of reinforcement (9%,
12%, and 15%). Characterization using XRD and electron microscopy
shows uniform dispersion of Al;O; in the matrix. Wear tests reveal
that both frictional coefficient and wear rate increase with load and
sliding speed. Electron microscopy and EDS analysis identify oxide
formation on worn surfaces, aiding in understanding wear mechanisms.

Kaiser et al. [12] explored the impact of Fe, Ni, and Cr additions on
the wear behaviour of hypereutectic AlI-Si automotive alloy. They con-
ducted dry sliding wear tests under specific conditions. Fe addition in-
creased wear rate due to needle-like intermetallic formation, while Ni
showed no significant effect on microstructure. Cr addition trans-
formed intermetallics into modified alpha phases, improving alloy
strength and wear properties. Scanning electron microscopy (SEM)
analysis revealed Cr-added alloy exhibited improved wear resistance
with smooth abrasive grooves filled with oxides. A study conducted by
Chouki Farsi et al. [13] focused on the application of a high-gradient
magnetic separation method for the effective separation of weakly
magnetic particles, specifically in an industrial setting.

The researchers explored and implemented high-gradient magnetic
separation techniques to address the challenges of separating weakly
magnetic particles from complex mixtures in an industrial context. The
study likely involved designing and testing a specialized magnetic sepa-
rator to achieve efficient separation of these particles, which have rela-
tively low magnetic susceptibility compared to strongly magnetic mate-
rials. The application of this method could have practical implications in
various industries where precise separation of weakly magnetic parti-
cles is essential for processing and product quality. The study presented
experimental results, data analysis, and insights into the performance
and efficiency of the high-gradient magnetic separation method.

Al-Abboodi et al.[14] presents an evaluation of the mechanical prop-
erties of a metallic glass alloy (Feo.7Cri7.1Mn1.9M07.4W1.6B15.2C3.8512.4)
prepared by spark plasma sintering using a three-point bending appa-
ratus. The study achieved notch fracture toughness and Young’s mod-
ulus values of 231 GPa and 4.91 MPa-m'/2, respectively, and found re-
liable results for Young’s modulus using Vickers indentation meas-
urements. The proposed method for examining micro-scale mechanical
properties is applicable to samples with different compositions made
by other means.

Aldeen et al. [15] investigates the effects of isothermal and isochro-
nal ageing on N36 zirconium alloy after f-quenching. The research in-
volves characterization using various microscopy techniques and spec-
troscopy to observe microstructure and second-phase particle (SPPs)
evolution. The results reveal that the implemented quenching leads to
a fine interlaced a-plates structure, and after ageing, recrystallization
occurs with non-uniform grains and a random SPPs distribution.
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Hardness declines with increasing temperature and time, while rough-
ness and wettability increase with higher ageing temperatures.

Kang et al. [16] explores the fabrication of Al-Fe—Cr quasi-crystal-
reinforced metal matrix composites using a laser powder bed fusion
(LPBF) process. The LPBF-processed Al-Fe—Cr alloy exhibits a mul-
tiscale heterogeneous structure with nanosize Al-Fe—Cr quasi--
crystalline particles distributed in the a-Al columnar grain structure.
The alloy demonstrates high mechanical strength due to the ultrafine
multireinforced microstructure-induced Orowan strengthening effect,
resulting in an ultimate tensile strength of 530.80 MPa, yield strength
of 395.06 MPa, and elongation of 4.16% . The fractographic analysis
indicates a combination of ductile-brittle fracture as the dominant
fracture mechanism.

Zhang et al. [17] focuses on a specially designed Al-Fe—Cr alloy fab-
ricated through a laser powder bed fusion (LPBF) process, resulting in
a multiscale heterogeneous composite structure with high relative
density and defect-free features. The LPBF-processed sample exhibits
distinct composite structures in three regions: the inner laser fusion
zone (LFZ) with ultrafine cellular structures containing spherical Al—
Fe—Cr quasi-crystals, the molten pool boundary (MPB) with coarse
flower-like quasi-crystal particles and rectangular 6-Al;s(Fe,Cr)z—4 par-
ticles, and the heat-affected zone (HAZ) with finer reinforcements dis-
persed in the o-Al matrix. The tribological investigation shows the
LPBF-processed sample has stable friction coefficients and higher
wear resistance compared to other LPBF-processed Al alloys, with a
duplex wear mechanism of adhesive and oxidation wear.

Byron Blakey-Milner et al. [18] presented thorough review of metal
additive manufacturing in the aerospace industry, highlighting its
significant commercial and performance advantages. The opportuni-
ties in this field include cost and lead-time reductions, novel materials
and unique design solutions, mass reduction through lightweight de-
signs, and consolidation of components for improved performance and
risk management. Various high-profile aerospace applications, such as
rocket engines, propellant tanks, heat exchangers, turbomachinery, and
satellite components, have already commercially benefited from metal
additive manufacturing. The paper also addresses challenges and poten-
tial opportunities for using this technology in each application scenario.

Leyson et al. [19] presents a quantitative, parameter-free model for
predicting the flow stress of alloys containing substitutional solutes.
The model utilizes density functional theory and a flexible-boundary-
condition method to describe accurately the interaction energies be-
tween solutes and dislocations. It successfully predicts flow stresses
for various Al alloys, including Al-Mg and Al-Mn, and agrees well
with experimental results for quasi-binary Al-Cr—(Fe) and Al-Cu—(Fe)
alloys. The model offers a basis for computational design of alloys, fo-
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Fig. 3. Optical micrograph of microstructure of Al-Fe—Si-alloy specimen.

The microstructure for the Al-Fe—Si alloy will provide valuable in-
formation for comparison with the Al-Si alloy. In Figure 3, the ar-
rangement and size of the grains in the Al-Fe—Si alloy are revealed.
The grains appeared to have a defined and uniform distribution, indi-
cating a reasonably homogeneous microstructure. The presence of dis-
tinct grain boundaries indicated the formation of individual grains
during the alloys solidification process. The presence of various phas-
es, such as aluminium, iron, and silicon phases, contributed to the al-
loys overall properties and behaviour.

3.2. Hardness Testing

To assess the materials resistance to deformation, hardness measure-
ments were carried out using the Vickers or Rockwell hardness testing.
These measurements provided crucial information related to the al-
loy's wear resistance. Figure 4 revealed that the Al1-Fe—Si alloy exhib-

Fig. 4. Vickers hardness values for the Al-Fe—Si-alloy and Al-Si-alloy speci-
mens.
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TABLE 1. Standard deviation of specimens.

Specimens c
Al-Fe-Si 4.1332
Al-Si 3.0735

TABLE 2. The hardness and physical characteristics of the counterpart balls [26].

Counterpart Vickers hardness, GPa Roughness Ra, mm
316L 2 0.01
SiC 28 0.01
AlyOs 18 0.01
Fe—-23Al-3Cr 3.49 0.2

ited higher Vickers hardness values compared to the Al-Si alloy, with
adifference of approximately 20 degrees between the two specimens.
The standard deviation formula can be used to appraise the uni-
formity or dispersion of Vickers hardness values from a set of height
or depth measurements. It is can be calculated using the standard devi-

ation formula:
6 = Z(xz - H)Z ’ (1)
V j=1

where o indicating the standard deviation, x; represents each value in
the data set and p the mean of all the values within that data set, n is
the number of values in the data set. Table 1 illustrates the standard
deviation for each alloy specimen.

Zhang et al. [26] conducted the friction and wear tests using a ball-
disk reciprocating frictional tester. The samples underwent polishing
with a diamond grind for the tribological test. The counterpart balls
included commercial 316L stainless steel, Al:O3, and SiC balls, with
their respective hardness and associated parameters detailed in Table 2.

S|

3.3. Tribometer Testing

Tribometer testing was performed under controlled conditions to
study the friction and wear behaviour. Different tribometer setups,
such as pin-on-disk, were utilized, varying the loads, sliding speeds,
and lubrication conditions. The results demonstrated that the Al-Fe—
Si alloy exhibited lower weight loss for all three test loads (3N, 5N,
and 10 N), whereas the Al-Si alloy experienced higher weight loss un-
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Fig. 6. Circular wear test for the Al-Fe—Si-alloy specimen.

der the same testing conditions, as shown in Figs. 5 and 6.

3.4. Surface Roughness Test

In addition to the base alloys testing, researchers explored surface en-
gineering techniques. Surface roughness tests were performed on the
Al-Fe-Si alloy and Al-Si alloy specimen, and the results indicated
that the Al-Fe—Si alloys had higher surface roughness values, while
the Al-Si alloys exhibited lower and more stable roughness levels as
shown in Table 3.

3.5. Scanning Electron Microscopy (SEM)

The SEM images provided valuable information about the microstruc-
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TABLE 3. Roughness value Ra for the Al-Fe—Si-alloy and Al-Si-alloy speci-
mens.

Nos. of experiments| Al-Fe—Si alloy Ra, mm Al-Si alloy Ra, mm
1 0.108 0.876
2 0.118 0.202
3 0.095 0.237

ture of the alloy, showing the arrangement and size of grains. The
presence of different phases and grain boundaries can influence the
alloys mechanical properties, such as hardness and strength.

The SEM images in Fig. 7 revealed distinct wear patterns on the al-
loys’ surfaces. These wear features included abrasion marks, grooves,
and microfractures, indicating the effects of frictional forces during
the tribological tests. The wear resistance of the alloy appeared to be
promising, as it showed limited wear damage and maintained its integ-
rity under the specific test conditions. In addition, the analysis al-
lowed for the detection and characterization of small cracks that had
formed on the surface of the alloy. These cracks might have resulted
from cyclic loading or localized stress concentration during the tribo-
logical tests. The presence of such microcracks did not seem to com-
promise the overall structural integrity of the alloy.

%

*

s A
b Surface
aad lovers

e

Fig. 7. The microstructure of Al-Si-alloy specimen revealed by scanning elec-
tron microscope.
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Fig. 8. The microstructure of Al-Fe—Si-alloy specimen revealed by scanning
electron microscope.

The SEM images also showed the presence of minor cavity zones or
voids on the alloys surface as in Fig. 8. These cavities may have result-
ed from material deformation or the presence of impurities. However,
they did not appear to have a significant impact on the alloys mechani-
cal properties, indicating its reasonable ductility and ability to with-
stand deformation.

4. CONCLUSION

The experimental analysis conducted on two different alloys, 77.3%
Al-1.8% Fe—16.7% Si and 62.9% Al-14.4% Fe—16.9% Si, revealed
significant differences in their tribological properties. The investiga-
tion involved SEM and optical micrograph of microstructure to identi-
fy wear, crack, and cavity zones. The Vickers hardness test indicated
that the Al-Fe—Si alloy exhibited higher values, while the Al-Si alloy
showed lower hardness, approximately 20 degrees lower.

Furthermore, in the circular wear tests conducted with different
loads (83N, 5N, 10N), the Al-Fe—Si alloy demonstrated less weight
loss compared to the Al-Si alloy. This suggests that the former alloy
has superior wear resistance under varying loads. Additionally, the
roughness test results also favoured the Al-Si alloy, showing higher
values compared to the Al-Fe—Si alloy, which exhibited lower and sta-
ble roughness, the findings were validated with Refs. [27-30].



1004 H.F.H. MOBARK, A. H. AL-AZZAWI, M. T. M. F. AGHA et al.

Overall, the experimental findings indicate that the Al-Fe—Si alloy
outperforms the Al-Si alloy in terms of hardness, and wear resistance.
These results highlight the potential superiority of the first alloy,
suggesting its suitability for applications requiring enhanced tribolog-
ical properties. However, further investigations and tests may be re-
quired to gain a more comprehensive understanding of the alloys’ be-
haviour under various conditions and loads, paving the way for poten-
tial engineering applications and industrial usage. The experiment
could be extended to include surface modification techniques, such as
coatings or treatments, to enhance the alloys’ wear resistance and re-
duce weight loss during wear tests. This would open up possibilities for
tailoring the alloys for specific applications.
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Multilayer Al/Cu foils have a high potential to be used as filler materials for dif-
fusion welding or friction stir welding of difficult-to-weld materials. In this
work, we study EB-PVD-deposited multilayer Al/Cu foils with the modulation
periods (sum thickness of one Al layer and one Cu layer) of 50 nm and 1000 nm.
The total composition for both the foils is of about Al-30 wt.% Cu and the total
thickness is varied from 20 pum to 30 uym. The phase formations within the foils
during heating up to 500°C are investigated by x-ray diffractometry, scanning
and transmission electron microscopies, differential scanning calorimetry, and
electrical-resistance measurement. The correlation between the modulation pe-
riod and the formation of the Al,Cu, AlCus, and Al,Cuy phases is studied. The
sequence, temperatures, and kinetics of phase transformations, as well as the
heat of the reactions, are found to correlate significantly with the modulation
period. Mechanisms of the phase formations within the foils and their mechani-
cal properties are discussed.
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Bararormraposi Al/C-douii € mepcueKTUBHUME A8 BUKOPUCTAHHSA K IPUCAI-
KOBi MarTepisaau a1 qudysiiiHoOTo 3BapioBaHHA a00 3BapIOBAaHHA TEPTAM MaTe-
pisaiB, 1110 BasKKO 3BapIOIOThCA. ¥ IIiHl poboTi mociimsxeHo 6ararornaposi goJrii
3 TIepiogamMu MOAYJIAIl (CymMapHa ToBIIMHA ogHOTO 11apy Al i ogroro mapy Cu)
y 50 am i 1000 M, ogeprkaHi MEeTOI0I0 eJIeKTPOHHO-IIPOMEHEBOI'0 OCAMMKEeHHS.
3araabHUR CKJAL A 000X (oiaiii cranmoBuB npubiamsuo Al-30 mac.% Cu, a
sdarajgbHa ToBIUHA — 20—30 MKM. PazoyTBopeHHA y (oJigx mimg vyac Harpi-
BaHHA 10 500°C mociigkeHO MeTOmaMU PEHTI€HiBChKOI nudpaxKTomMerpii, cKka-
HYBaJIbHOI Ta TPaHCMiCifiHOI eJIEKTPOHHMUX MiKPOCKOIIiil, 1u()epeHIiifHOI cKa-
HYBaJIBHOI KaJIOPUMETPil Ta IIJIAXOM MipAHHA eJIeKTpuuHOTOo omopy. Iocuri-
IPKEHO KOPeIAIlilo MisK mepiogom moayaanii it yreopeuram gas AlsCu, AlCus it
Al;Cuy. BeTaHoBIEHO, III0 IOCILLOBHICTD, TEMIIEPATYPH Ta KiHeTuKa (ha30BUX
IIepeTBOPEeHb, a TAKOK TeIJIOBUI e()eKT peaKIliii icTOTHO KOPEeJIIIOTh i3 mmepio-
IoM MomyJisiii. PosrisuayTo MoKJINBI MexaHisMu (ha30yTBOPEeHHA y oiiax Ta
iXHi MexaHiuHi BJIaCTUBOCTI.

Karouosi caoBa: 6araroraposi Al/Cu-douii, iHTepmMeTaninu, TeKcTypa, Kajo-
puUMeTpiA, TBEPAICTD.

(Received 6 August, 2024; in final version, 1 September, 2024 )

1.INTRODUCTION

Multilayer Al/Cu foils with a composition of Al-33 wt.% Cu are be-
lieved to be promising for use as filler materials for welding difficult-
to-weld materials [1]. The advantage of using this Al/Cu multilayer
system, as compared to Al/Ni and Al/Ti foils, lies in the lower tempera-
ture at which phase transformations begin [2]. In particular, phase
transformations in such foils with submicron layer thickness were
found in the temperature range of 130—-360°C [3]. In addition, metasta-
ble structures often form during the annealing of multilayer films fab-
ricated by physical vapour deposition, due to the significant density of
interphase boundaries [4] and the special reaction kinetics in them [5].
Particularly, the primary formation of the tetragonal 6-Al.Cu phase,
and then the cubic y2-AlsCug [6—9] or monoclinic n-AlCu phase [10, 11]
was observed during the annealing of multilayer condensates of the
Al/Cu system. Moreover, Vandenberg and Hamm [12] reported that, in
addition to the first formed Al;Cu phase in bilayer films, an ordered
f.c.c. phase B;-AlCus with a lattice parameter close to 0.5801 nm
formed. This high-temperature phase occurs after the Al,Cu phase and
is a secondary phase throughout the investigated range of Cu concen-
trations (from 33 at.% to 83 at.%). At temperatures above 350°C, the
phase composition of the films approaches the equilibrium:
Al,Cu+AlCu. In another study, the authors [13] observed the for-
mation of the B;-AlCus and y:-AlsCuy phases during slow (0.4°C/min)
and rapid heating to the relevant annealing temperatures, respectively.
It is important to mention that the disordered f-AlCus phase (ao=0.290
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nm) serves as the parent structure from which both the 3;-AlCus phase
(a =0.5801 nm = 2a,) and the y2-AlsCuy phase (a = 0.8703 nm = 3a,)
originate [13]. It is also known that, in massive Cu—Al alloys, depend-
ing on the cooling rate, either the B:- or y2-phase is formed [14].

On the other hand, the y2-Al4Cuy phase is considered in works [15—17]
as a superstructure of the B-AlCu phase of the structural CsCl type and
an approximant of icosahedral quasi-crystals of the Al-Cu—Fe system
[17]. This phase is characterized by a concentration of electrons close to
quasi-crystals and contains local pseudopentagonal configurations of
atoms and distorted icosahedrons [15]. The cubic phase y.-AlsCuy is sta-
ble at low temperatures, and its stabilization is associated with the
Hume-Rothery mechanism, similar to that is observed for the icosahe-
dral phase. At the same time, the number of atoms per unit cell (52 at-
oms) is significantly greater than in ordinary metals but less than in
most approximants. In addition, besides a cubic y2-AliCuy phase with a
lattice parameter a,» = 0.860 nm, metastable cubic  and : phases with
lattice parameters a = 0.287 nm and 0.572 nm, respectively, were also
found [15]. Furthermore, the ratio between the parameters of these cu-
bic phases was noted: a,» = 3ap and ap: = 2ap [15]. Even though the y,-
Al,Cuy phase has a complex structure, it is formed in a wide concentra-
tion range. To explain the mechanism of formation of the b.c.c. y2-Al:Cuy
phase, Besson et al. [18] proposed a model of its formation from a solid
solution of f.c.c. Al(Cu) by a shear mechanism, which can be considered
as a classical (uniaxial) Bain transformation.

While phase transformations in the Al/Cu multilayer system were
extensively investigated, variations in their sequence and kinetics can
be related to factors such as modulation period, heating rates, grain
sizes, and the relative orientations between phases. In addition, from
the point of view of using these foils as the filler materials for diffu-
sion welding, it is of practical interest to study the influence of their
modulation period on the plasticity coefficient after annealing at dif-
ferent temperatures. Therefore, this work aimed to study the effect of
the modulation period on the sequence of phase transformations, the
thermal characteristics of the reactions, and the mechanical properties
of Al/Cu eutectic foils obtained by physical vapour deposition.

2. EXPERIMENTAL

Al/Cu multilayer foils of two types, A and B with a modulation period A
of 50 nm and 1000 nm, respectively, were produced by the layer-by-layer
electron beam deposition of components on a substrate rotating at a con-
stant speed. During this process, evaporation from aluminium and cop-
per sources separated by an impermeable screen occurs [3]. The varying
intensities of aluminium and copper vapour flow, as well as the sub-
strate rotation rate, allow the deposition of Al/Cu multilayer foils with



1010 S. POLISHCHUK, A. USTINOV, Ya. MATVIENKO, S. DEMCHENKOV et al.

different thicknesses of elemental layers. To obtain self-standing con-
densates, a layer of CaF; salt was first deposited on the steel substrate,
thus enabling easy separation of the foil from the substrate later on.
Chamber pressure was 5:10~% Pa. Evaporation intensity provided the
deposition rate of 50 nm/s and substrate temperature during deposition
was in the range of 90—-100°C. The total composition for both types of
foils was close to the eutectic A1-30 wt.% Cu and the total thickness was
in the 20—30 pm range. The foils were annealed in a furnace at the resid-
ual pressure of 107! Pa. The temperature intervals of phase transfor-
mations in multilayer foils were determined using the differential scan-
ning calorimetry (DSC). The thermal signal from the samples was rec-
orded using a NetzschDSC 404 F1 Pegasus calorimeter in the tempera-
ture ranges of 20—-550°C in the heating mode at a rate of 40, 20, 10, 5
K/min in an atmosphere of 99.99% helium. X-ray diffraction studies of
multilayer foils were carried out using a DRON-4 diffractometer using
CuK, radiation. Lattice parameters of Al were determined according to
positions of (220), (311) and (222) peaks. The texture analysis of foils
was conducted using an x-ray DRON-3 diffractometer with a texture
attachment in CoK, radiation. The measurement was carried out using
parallel beam geometry and scan angles from 0° to 80° and from 0° to
360° for o and [, respectively. Data collected on a textureless BaTiOs
specimen were used to take into account the defocusing effect. The anal-
ysis of the crystallographic texture was carried out by constructing pole
figures (PFs) using the MTEX MATLAB software package [19]. Micro-
structures of cross-sections of as-deposited and annealed multilayered
Al/Cu foils were analysed with a TESCAN MIRA facility equipped with
an In-Beam SE detector. Planar-TEM of the annealed foils was per-
formed using a JEM-2000FXII. Measurements of electrical resistivity
were performed in automatic mode on foils 50 mm long and 1-2 mm
wide during their continuous heating with the heating rates of 3°C/min
in the range from 20°C to 500°C. The reduced temperature coefficient of
electrical resistance a.=Ry 'dR/dT was also determined, where R, is the
initial resistance of the foil at room temperature.

Mechanical properties of multilayer foils were studied using a uni-
versal differential nanoindenter “Micron-Gamma” at the 30 g loading.
The Meier microhardness (HM), Young’s modulus (E), and the plastic-
ity coefficient for the material were determined using the indentation
data[20].

3. RESULTS AND DISCUSSION
3.1. Changes in the Structure of Al/Cu Multilayer Foils During Annealing

The cross-sectional microstructures of deposited foils with modulation
periods of 50 and 1000 nm are shown in Fig. 1. It can be seen that the
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SEM HV: 10.0 kV. WD: 1.08 mm || kil MIRA3 TESCAN SEM HV: 10.0 kV. WD: 2.04 mm | MIRA3 TESCA

View fleld: 0.617 pm Det: InBeam 100 nm View field: 5,00 pm Det: InBeam 1 pm
SEM MAG: 307 kx SEM MAG: 37.9 kx

a b

Fig. 1. Microstructure of the cross-section of A1-30 wt.% Cu multilayer foils
of two types: A—with a modulation period, 2 =50 nm (a) and B—with 2 =1000
nm (b).

foils after deposition consist of continuous layers of copper (light) and
aluminium (dark) with some areas with grey contrast, which can be con-
sidered as the result of mixing of atoms between the layers. From the
analysis of diffraction patterns of the foils in an as-deposited state and
after annealing’s at different temperatures for 30 minutes (Fig. 2), it is
clear that, in the case of a short modulation period (50 nm), the for-
mation of the Al.Cu phase occurs in the foils even during the deposition
process, i.e., at temperatures in the 90-100°C range. At the same time,
parallel growth of the Al;Cu phase and the metastable Al,Cuy phase is
already observed at 130°C.

The appearance of the Al,Cuy phase in the foil is accompanied by a
sharp decrease in the copper phase fraction and further rapid growth
of this phase is observed until a temperature of 150°C is reached, after
which its volume fraction decreases and eventually disappears in the
temperature range from 200°C to 250°C.

In foils with A =1000 nm, in the initial state, there are no peaks
from the Al;Cu phase, and the appearance of the weak peaks of both
Al;,Cu and A.Cuy are observed at T'=135°C, after which their volume
fractions gradually increase. Moreover, peaks of the B:-AlCus cubic
phase with a lattice parameter a= 0.5801 nm are observed at T
= 215°C. It should be noted that this phase was previously observed in
Ref. [12] and its diffraction pattern (Fig. 3) contains intense peaks
(111) and (311) at angles 26 = 26.8° and 52.5°, respectively, which dis-
tinguishes it from the Al,Cuo phase.
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Fig. 2. Diffraction patterns from foils with a modulation period of 50 nm (a)
and 1000 nm (b) after annealing at different temperatures.
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Yet, we can suppose that the foil contains a mixture of these AlCus;
and AlsCuy phases. The mix of the AlCu; and Al,Cuy phases grows to a
temperature of 245°C, after which its volume fraction decreases, and
at 425°C, it completely disappears. Annealing at higher temperatures
approach the phase composition of the film to the equilibrium one:
Al + Al,Cu.

From the analysis of changes in the diffraction patterns of studied
foils during the annealing process (Fig. 2), we can conclude that in
both cases the 6-Al:Cu phase forms first and grows gradually with
temperature (Fig. 4).

The further y,-AliCuy phase appears at temperatures of about 130°C
also for both these foils. For the foil with the ling modulation period
(1000 nm), in addition to the Al,Cu and A4Cuy, the B;-AlCus phase
forms at the temperature range of 180—-215°C. Further rapid growth of
the A4Cuy and B:-AlCus phases occurs up to temperatures of 150°C and
235°C, respectively, where their volume fractions are maximal.

—— AlCu foil, A=50 nm, T=170 °C/30 min

5 ¢ ——AlCu foil, 2=1000 nm, T=245 °C/30 min
- *
] S i
= '§. § m - ALCu
@ i ¢ -al
3 # - B-Cu,Al
* = Y,-AlCu,

It

—4
—
—
o
~

. T T T T T T 1
] | l | 1| I _ B-AlCu
- T I T I

L0 e L n-AlCu
! [} ' ) ! 1

1 Ll
T

20 30 40 50 60
20, degrees

Fig. 3. X-ray diffraction patterns of foils with a modulation period of 50 nm
and 1000 nm after annealing at temperatures of 170°C and 245°C, respectively.
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It should be noted that the growth of the y:-Al;Cuy and B:-AlCus
phases is accompanied by a slight increase in the volume fraction of the

t =50 nm

max

I/I

0 50 100 150 200 250 300 350

T, °C
t = 1000 nm
/O’-—_“‘O
—u— (B,-AlCu_+y,-Al,Cu,)
—0—0-ALCu
y —4— Cu
o
[
—0-C" & A
T ) T ) T T T ) T ) ' 1
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Fig. 4. Change in the relative intensities of diffraction peaks of Cu and the
Al;Cu, Al,Cuy, and B1-AlCus phases depending on temperature.
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0-Al>Cu phase. This suggests that these phases grow in parallel. On the
contrary, the growth of the y,-AlsCuy and B:-AlCus phases is accompa-
nied by a sharp decrease in the copper content in the foils. Thus, we can
suppose a two-channel transformation scheme in Al/Cu foils: (1) The 0-
Al;Cu phase forms from a supersaturated solid solution of Al(Cu) due
to the diffusion of copper atoms into aluminium; (2) The remaining
copper forms a Cu(Al) solid solution, which, through reaction interac-
tion with aluminium, leads to the formation of the y.-AliCuy. In the
case of the long-period foil, the ;-AlCus phase forms additionally.

It is known that the formation of intermetallic compounds in Al-Cu
foils leads to a change in their electrical resistivity [9]. Figure 5 shows
the dependence of the electrical resistance of studied foils on tempera-
ture at a heating rate of 3°C/min. It can be seen that the change in elec-
trical resistance of foil with a short modulation period occurs at lower
temperatures compared to foils with a long period. Local maximums of
electrical resistance are observed at temperatures of 150° and 230—
260°C for the foils with A of 50 nm and 1000 nm, which corresponds to
the maximum content of the metastable y:-AliCuy or B:-AlCus phase.
These metastable phases have an electrical resistance approximately 2
times greater than that of the Al,Cu phase [21] and their decomposi-
tion leads to a decrease in the temperature coefficient of electrical re-
sistance at temperatures in the 160—190°C range for the foil with A of
50 nm and in the 230-300°C range for the foil with A of 1000 nm. In
the latter case, there is an additional increase in the temperature coef-
ficient of electrical resistance followed by a subsequent decrease with-
in the temperature range of 300°C to 400°C. This behaviour can likely
be attributed to the interplay of two factors: the decomposition of the
B1-AlCu; phase and an increase in the volume fraction of the 6-Al.Cu
phase. Above 410°C, the B:-AlCus phase vanishes, and the subsequent
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0.01004 ——A =50 nm

0.0075+

2.4

——4=1000 nm
——A =50 nm

2.2 1

2.0
0.8

1.6 & 0.0050

R/R,

141 0.0025

1.2

1.0 0.0000+

0.8 T T T T -0.0025 T T T T
100 200 300 400 500 100 200 300 400 500

T, °C T, «C

Fig. 5. Temperature dependence of electrical resistance (a) and temperature
coefficient of electrical resistance (b) for foils with modulation periods of 50
and 1000 nm.
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behaviour of the temperature coefficient of electrical resistance is in-
fluenced by the phase composition, which closely resembles the equi-
librium Al + Al,Cu composition.

From the images of the microstructure of the foil obtained using
transmission electron microscopy (Fig. 6), it is clear that both alumini-
um and the Al,Cu phase in the foil with A = 50 nm after annealing at a
temperature of 150°C have nanostructured grains of 50-100 nm. The
distribution of reflections in the electron diffraction pattern of this foil
proves the presence of Al, Al.Cu, and Al,Cuy phases. It should be noted
that the presence of a superstructure reflection (210) in the electron
diffraction pattern indicates the partial ordering of the AliCuo phase in
the foil [18].

As can be seen from Fig. 7, the foil with A = 1000 nm after annealing
at a temperature of 200°C contains aluminium crystallites of 150—300
nm in size and Al,Cu intermetallic of 70—-200 nm in size.

The distribution of reflections in the electron diffraction pattern of
this foil indicates the presence of Al, Al.Cu, and AlCus phases. The ab-
sence of reflections of the Al,Cuy phase for this foil suggests this phase

Fig. 6. Bright field (a), electron diffraction pattern (b), dark field in reflec-
tions of aluminium (¢) and Al;Cu phase (d) from the Al-30 wt.% Cu foil with a
layer period of 50 nm after annealing at 150°C.
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Fig. 7. Bright field (a), electron diffraction pattern (b), dark field in reflec-
tions of aluminium (c¢) and AlxCu phase (d) from the Al-30 wt.% Cu foil with a
modulation period of 1000 nm after annealing at a temperature of 200°C.

disappeared after annealing at 200°C.

The lattice parameter aa was calculated from the positions of the
(220), (311) and (222) peaks of aluminium in the diffraction patterns
of studied foils in the initial state and after annealing. It was found
that, for the foil with A = 1000 nm after annealing at 150°C, it decreas-
es from 0.4049 nm to 0.4044 nm (Fig. 8), which is probably due to the
formation of a supersaturated Al(Cu) solid solution consistent with the
Al-Cu phase diagram [22]. To quantify the copper content (ccy) in it, an
empirical equation from [23] was used. Thus, the value at this stage
was about 2.5 at.%. Increasing the annealing temperature to 170°C
leads to a sharp increase in the lattice parameter to 0.4047 nm and a
decrease in the copper content in the solid solution to 0.6 at.% . A fur-
ther increase in temperature up to 500°C did not significantly affect
the change in the Al lattice parameter. In contrast, for the foil with
A=50 nm in the initial state o = 0.4043 nm, which can be considered
as the result of mixing atoms between layers and forming a supersatu-
rated Al(Cu) solid solution with a copper content of about 3.1 at.% di-
rectly during the deposition process. Annealing of the foil at a temper-
ature of 150°C leads to a sharp increase in the Al lattice parameter to
0.4049 nm and decomposition of the Al(Cu) solid solution. A further
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Fig. 8. Changes in the Al lattice parameter for the studied foils during the an-
nealing process.

increase in the annealing temperature from 200°C to 500°C had an in-
significant effect on the aluminium lattice parameter in these foils.
Thus, the data obtained confirm the assumption of a two-channel
transformation scheme in Al/Cu foils and the formation of the 6-Al,Cu
phase from Al(Cu) solid solution, as noted above. In addition, the dif-
ferent nature of the dependences of the aluminium lattice parameter
on the annealing temperature of the studied foils also confirms the da-
ta on the different kinetics of phase formation processes in them.

3.2. Texture of Formed Phases in Al/Cu Multilayer Foils

A characteristic feature of films obtained by vacuum deposition is
their texture. Figure 9 shows the PFs from Al, Cu, and the 6-Al;Cu, ya-
Al,Cuy, and B:-AlCus phases. PFs were constructed using reflections
(111), (200), and (220) for Al and Cu, (110), (200), and (202) for O-
Al,Cu, (330), (600) and (721) for y.-AlsCue and (111), (220) and (311)
for the B:-AlCus phase. It can be seen that in both cases, the original
Al/Cu multilayer foils had a sharp axial texture <111> of both alumin-
ium and copper layers (Fig. 4), which may be due to the lowest surface
energy of the (111) planes [24]. At the same time, the resulting phases
Al;Cu, AlsCuy, and B:-AlCus are also characterized by an axial texture.
Thus, in foil with A = 50 nm, the resulting tetragonal Al.Cu and cubic
v2-Al4Cuy phases are characterized by an axial texture <110>. In the
case of foil with A = 1000 nm, the resulting tetragonal phase has a weak
texture, while the cubic phase B:-AlCu; has a pronounced axial texture
<110>, which may indicate the formation of this phase directly from
the textured copper phase.

Thus, in the case of foils with a modulation period of 50 nm, the fol-
lowing orientational relationships are observed between the texture
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Fig.9. PFs from Al, Cu (not shown, similar to PF from Al) and phases 6-
Al,Cu, y2-Al4Cuy and B1-AlCus for foils with modulation periods of 50 nm and
1000 nm.

directions and the planes of the original aluminium, copper, and the
resulting phases 6-Al,Cu and y2-AlsCug:

directions <11 1>cu||<1 1 1>A1||<1 10>9.A12Cu”<1 10>72-A14Cu9,
planes {111 }cu{111}all{110}oncil{ 110} a1cure

For foils with a modulation period of 1000 nm, the following rela-
tionship is observed between the initial Al, Cu and the resulting [:-
AlCus phase:

directions <111>cy[<111>4)<110>p, aicus
planes {1 11 }cu”{ 111 }Al”{ 1 lo}ﬁl-AICug-

Several studies previously observed orientation relationships be-
tween copper and the tetragonal phase 0-Al:Cu, as well as copper and
the cubic phase y:-AlsCuy in Al/Cu films [25, 26]. Thus, using TEM in
Ref.[24], the following orientation relationships were discovered:

[110]0|[[111]cu (zone axis), (001)e//(110)c, and (110)e|[(112)c, on the
(111)Cu surface,

[110]¢[[110],, (zone axis), (110),](112),, on the (111)Cu surface.

The formation of the 0-Al,Cu phase while maintaining the orienta-
tional relationships with the initial Al and Cu can lead to a decrease in
the interface energy, which significantly lowers the energy barrier to
nucleation and allows the appearance of very small nuclei, thus facili-
tating the formation of a new phase [24]. Note also that the misfit be-
tween the 0-Al,Cu and Al lattices on the {111}Al||{110}6 plane in the
[110]6|[110]Al direction is 1.23%, and in the [001]6|[112]Al direction,
it is 1.71% [27]. Similarly, the misfit between the 0-Al,Cu and Cu lat-
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tices on the {111}Cul|{110}0 plane in the direction [001]¢[112]c. is
3.09%, and in the [110]6||[[110]a direction, it is 4.6% [25].

In both cases, the lattice of the 0-Al.Cu phase experiences compres-
sive stress. Finally, it is noteworthy that of the available intermetallic
compounds of the system, the 6-Al.Cu phase has the chemical composi-
tion closest to aluminium. All these factors indicate a possible decrease
in the surface energy and the energy barrier for the formation of the 6-
Al;Cu phase in Al/Cu multilayer foils while maintaining the orienta-
tional relationships between the phases.

The presence of orientational relationships between the y.-AlsCu,,
B1-AlCus, and Cu phases also indicates a decrease in the surface energy
of formation of the y2-Al,Cuy and B:-AlCus phases, which may facilitate
their formation in comparison with the n-AlCu phase. The work [25]
also shows a relatively small level of misfit between the lattices of the
v2-Al,Cuy phase and copper in the {111}¢,/|{110},,.a1,c0, Planes under the
condition [110]cy/[[111],.a1,cu,- In addition, as can be seen in Fig. 10, the
Al-Al;Cu transformation leads to a decrease in the specific volume per
atom by 9.8%, and the Cu—AlCus and Cu—CuyAl, transformations lead
toits increase by 3.18% and 7.29%, respectively.

Taking into account the fact that both y,-Al4«Cuy and B:-AlCus phases
can be considered as b.c.c.-derivative structures [13, 28, 29], it is in-
teresting to note that the presence of orientational relationships be-
tween directions of the axial texture of the initial f.c.c. Cu(Al) phase
with lattice parameter about a¢ = 0.362 nm and the y.-AlsCuy phase
formed by the b.c.c. phase (a = 0.8703 nm = 3ao, ao=0.290 nm) and -
AlCu; phase (¢ =0.5801 nm = 2a,) may also be evidence of a shear (or
diffusion-shear) transformation mechanism, as it was proposed by
R. Besson et al. in Ref. [18]. Particularly, the observed relationship
{111}c4|{110},,5, between directions of the textures of initial f.c.c.-

0.30+ - 0.30
0.25 L 0.25
0.20 L 0.20
0.15 L o.15
0.10] Cu—Cu Al [ 0.10
0.05 ] Cu—>CugA.1x. alF 005

E 0.00 "Cu e - 0.00

< -0.054 Al—CuAl, .- |-0.05
-0.10 o L 0.10
0.15 [0.15
-0.204 L-0.20
.0.25 [-0.25
-0.30 ] L S e L LA S BN SR R B 0.30
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Fig. 10. Changes in the specific volume of crystalline phases during phase
transformations in the Al-Cu system.
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based and final b.c.c.-based structures corresponds to Kurdjumov—
Sachs orientation relationship [30], and the schematic mechanism of
the possible transformation is shown in Fig. 11.

It is worth noting that similar relationships between directions of
textures of the initial f.c.c. phase and final b.c.c.-based phase were also
observed for multilayer Cu—20 wt.% Al foils with a modulation period
of 60 nm [31]. We suppose that the formation of the Al,Cuy phase can
occur through the following steps: (1) diffusion of Al atoms into the Cu
layer and the formation of the supersaturated solid solution Cu(Al)
with a local composition close to y:-AlsCug; (2) chemically induced in-
stability leads to the displacive transformations from f.c.c. Cu(Al) lat-
tice to b.c.c. lattice through the contraction by 34% along a; axis and
elongation by 14% along a: axis; (3) chemical rearrangements and or-
dering of vacancies with formation of b.c.c.-derivative structures, in-
cluding the y.-AlsCuy phase [18].

The high degree of texture for both studied foils implies their struc-
ture consists of columnar-like grains. Values of the initial Cu layer
thickness are about 7 nm and 100 nm for the foils with modulation pe-
riods of 50 nm and 1000 nm, respectively. Therefore, we can assume
that copper diffuses into aluminium, leading to the formation of the

Fig. 11. Schematic illustration of the Kurdjumov—Sachs orientation relation-
ship between the initial f.c.c. Cu(Al) and derivative from b.c.c. -phase.
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Al;Cu phase (Fig. 12).

On the other hand, aluminium diffuses into the copper layer, form-
ing a Cu(Al) solid solution, followed by the AliCuys phase. The for-
mation of both Al,Cu and y:-Al.Cuy predominantly takes place at the
interphase boundaries between the Al and Cu layers, and between the
Al:Cu and Cu layers, respectively. The volume fraction of these phases
at the interfaces is approximately 20 times greater in the short-period
foils compared to the long-period foil. This fact, in particular, explains
the absence or smaller fraction of y;-AlsCug and Al,Cu phases for the as-
deposited long-period foil (Fig. 2, b).

It should be noted that the apparent copper layer thickness in the
short-period foil appears to be larger due to the formation of Al,Cu
phase during the deposition. The growth of the y,-AliCus phase is re-
stricted by consuming the Cu layer. For the case of the foil with
A =1000 nm, the Cu layer thickness is about 100 nm and the diffusion
of Al into Cu occurs via boundaries of the columnar-like grains (Fig.
12), which presumably leads to the formation of the 3:-AlCu; phase at
temperatures above 180°C. The formation of the y2-AlsCuy or B:1-AlCus
phases can occur either by the diffusion mechanism of nucleation and
growth of a new phase, in which the orientation relationships between
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Fig. 12. Schematic diagram of initial stages of the phase formation in Cu—Al
foils with modulation periods of 50 nm and 1000 nm.
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the phases play an important role or by the Bain shear mechanism of
transformation of the f.c.c. lattice Cu(Al) into the b.c.c. lattice .-
Al4Cuy, as proposed in Ref. [18]. In this case, as shown in [32], the driv-
ing force for such a transformation can be the chemically induced me-
chanical instability of the f.c.c. lattice.

It should also be emphasized that the growth of the y;-AlsCuy or Bi-
AlCus phases should be accompanied by an increase in the specific vol-
ume, while the parallel growth of the Al;Cu phase occurs with a de-
crease in the specific volume. This circumstance, as well as the pres-
ence of excess vacancies [33] in the foils, probably reduces the level of
elastic stress that arises during the growth of the y,-AliCus or B:-AlCus
phases.

3.3. Calorimetric Study of Al/Cu Multilayer Foils

A study of the obtained foils using differential scanning calorimetry
(Fig. 13, a) showed that the heat flux as a result of the exothermic re-
action in foils with a modulation period of 50 nm is approximately 2—
2.5 times higher than in foils with A of 1000 nm. This is apparently due
to the increase in the number of reaction interfaces per unit volume,
which increases the rate of heat release from the reaction compared to
the rate of heat dissipation. This, in turn, leads to an increase in tem-
perature at the interface and an increase in the reaction rate. Similar
results were observed when the modulation period in multilayer Ni/Si
films was decreased [34]. The maxima of exothermic peaks in the DSC
curves taken at a heating rate of 40°C/min corresponded to tempera-
tures of 187.6°C and 267.4°C for foils with short and long modulation
periods, respectively, which correlates with x-ray diffractometry and
electrical resistivity data (Fig. 2, Fig. 5).

With an increase in the heating rate for both types of multilayer
foils, a shift of the peaks towards higher temperatures is observed,
which is characteristic of thermal activation processes. This shift with
increasing heating rate is related to the activation energy of the reac-
tion and can be described using the Kissinger equation [35]:

H E
In| — | = const — —,
(Tp] kT,

where H is the heating rate, T, is the peak temperature on the DSC
curve, kis Boltzmann’s constant, and E is the activation energy.

For foil with a modulation period of 50 nm, when heated in the tem-
perature range from 130°C to 150-160°C, two processes occur almost
simultaneously with the formation of the 6-Al,Cu and y:-AlsCug phases,
which is reflected in the nonlinear dependence of the change in the log-
arithm of the reaction rate on temperature (Fig. 13, b).
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Fig. 13. DSC curves taken at different heating rates v = 5, 10, 20, and 40
K/min for the foils with a modulation period of 50 nm and 1000 nm (a).
Change in the logarithm of the reaction rate versus temperature for these
foils.

Assuming the same reaction model for the formation processes of
the 6-Al;Cu and y:-AlsCuy phases, the effective activation energy, de-
termined from the slope of the Kissinger dependence, for a process
consisting of two competing reactions will be expressed as follows [36]:
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_ER(M + ER(T) 1948 X 4 99 ey
of k,(T) + ky(T) mol ’

where E1, k1(T) and E2, ks(T) are the activation energy and the effec-
tive reaction-rate constant for reactions with the formation of 6-Al,Cu
and v:-AlsCuy phases, respectively. As expected, the obtained E.: value
lies between reported values [13] of the activation energy for the Al,Cu
(E.=1.21eV)and Al,Cuy (E.=1.59 eV) phases.

In the case of foils with a modulation period of 1000 nm, in the tem-
perature range from 180°C to 245°C, an increase in the ;-AlCus phase
is observed, while the volume fraction of the 6-Al;Cu phase remains
below 10—-20 vol.% (Fig. 4). The low growth rate of the 0-Al,Cu phase
may be due to the absence of orientation relationships between the
formed phase and the initial Al and Cu phases (Fiig. 7), which increases
the interface energy and complicates the growth of this phase com-
pared to the 31-AlCus phase, for which the orientation relationships are
observed. In this regard, the activation energy E.:, determined by the
Kissinger method, for this foil can be associated with the formation
reaction of the f;-AlCus phase. Therefore, we can estimate the activa-
tion energy of the formation reaction of the B1-AlCus phase as Eg, aicu; =
~141.6 kJ/mole =1.46 eV. The obtained value is close to the activation
energy for the y:-AlsCuy phase reported in Ref. [13] and is higher than
E. for the foil with A = 50 nm, which confirms another mechanism of
the formation for the phase. Moreover, it is worth noting that in foil
with A of 50 nm, the formation of a primary layer of Al,Cu intermetal-
lic compound at the interface between the aluminium and copper layers
was observed during the deposition process (Fig. 2), which could affect
the kinetics of further transformation.

3.4. Mechanical Characteristics of Al/Cu Multilayer Foils

It is known that the hardness of multilayer foils can significantly de-
pend on the layer thickness, orientational epitaxy, interface structure,
and deposition method. Therefore, it was of interest to study the mi-
crohardness (HM) and Young’s modulus (E) of foils of different modu-
lation periods in the initial state and after annealing (Fig. 14). It can be
seen that for the foil with A of 50 nm after deposition HM = 4.7 GPa
(E =138 GPa), which is = 3 times greater than for the foil with A of
1000 nm (HM = 1.6 GPa, E = 82 GPa). This may be explained by the ac-
tion of the following strengthening mechanisms: reduced layer thick-
ness, grain size effect, and interface alloying [37]. Annealing of the
studied foils at 150°C leads to the growth of intermetallic compounds,
which increases the microhardness and Young’s modulus of Al/Cu
multilayer foils to values of 5.6 GPa and 147 GPa for the foil with A of
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Fig. 14. Mechanical properties of foils with different modulation periods af-
ter deposition and annealing at different temperatures.

50 nm and 2.6 GPa and 92 GPa for the foil with A of 1000 nm, respec-
tively. The fact that the hardness of foil with a nanoscale modulation
period (L =50 nm) after annealing at temperatures of 150°C, 200°C,
and 500°C remains approximately 3 times higher than that of foil with
A =1000 nm proves the prevailing role of the grain-boundary strength-
ening mechanism as compared to the interphase alloying strengthen-
ing [37].

From the viewpoint of the possible use of Al/Cu foils as filler mate-
rials for diffusion welding, it is important to study the effect of an-
nealing on their plasticity behaviour. In particular, the plasticity coef-
ficient of the studied foils with A of 50 nm and 1000 nm in the initial
state are 0.78 and 0.83, respectively. Annealing of the foil with A of 50
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nm at temperatures from 150°C to 200°C results in a decrease in plas-
ticity coefficient to 0.74. In contrast, annealing of the foil with A of
1000 nm in this temperature range only slightly decreases the plastici-
ty coefficient to 0.82, which can be caused by the fact that the struc-
ture modification due to the formation of intermetallic Al,Cu, Al,Cu,,
and AlCus phases [37, 38] in this foil is compensated by a significant
contribution to the plasticity of large aluminium grains (see Fig. 6 and
Fig. 7). A further increase in the annealing temperature up to 500°C
led to an increase in the plasticity coefficient to 0.77 and 0.89 for foils
with A of 50 nm and of 1000 nm, respectively. The observed greater
plasticity of the foil with A =1000 nm as compared with the foil with A=
50 nm can be due to the greater contribution from the modification of
their microstructure than the phase composition which was close to the
equilibrium Al + Al;Cu at the final stage of annealing.

4. CONCLUSIONS

1. It has been established that the modulation period, A, of eutectic
Al/Cu multilayer foils affects the sequence and temperature range of
reactions. The observed sequence of reactions can be represented as fol-
lows:

Al + CUW)AI‘F Cu+AIZCuW>

Al + AL,Cu + Cu,Al, —— 5 Al + Al,Cu

T=200°C
for the foils with A =50 nm;

+(Cu9A14) W)Al + A12Cu + Cu3Alw>A1 + AlZCu

for the foils with A =1000 nm.

The formation of both Al;Cu and y.-AlsCuy predominantly takes
place at the interphase boundaries between the Al and Cu layers, and
between the Al,Cu and Cu layers, respectively, while the formation of
the B1-AlCu; phase presumably occurs at the boundaries of columnar-
like Cu grains.

2. It has been shown that, in the case of multilayer Al/Cu foils with
A =50 nm, because of the mixing of atoms between the layers during
the deposition process, supersaturated solid Al(Cu) with a copper con-
tent of about 3.1 at.% is formed. For foils with A=1000 nm, the for-
mation of a solid solution with a maximum copper content of up to 2.5
at.% is observed when heated up to the reaction onset temperature. Af-
ter the start of reactions for both types of foils, the copper content in
the solid solution decreases to 0.5—-0.6 at.%.

3. It has been established that the metastable phases $:-AlCus and A»-
Al,Cuy formed as a result of the reactions, as well as, in the case of the



1028 S. POLISHCHUK, A. USTINOV, Ya. MATVIENKO, S. DEMCHENKOV et al.

Al/Cu foil with A = 50 nm, the phase 6-Al,Cu have an axial texture. In
this case, the following orientational relationships are observed be-
tween the directions of textures of the initial Al and Cu phases and the
formed phases:

<111>¢y[<111>4|<110>0.a1,c0/|< 110>, a1,cu, foOr foils with A = 50 nm;
<111>¢y[<111>4)|<110>p, aicu; for foils with A = 1000 nm.

The presence of orientational relationships between the texture di-
rections of the initial Al and Cu phases and the formed 6-Al.Cu, Bi-
AlCus, and y2-AlsCuy phases may indicate a decrease in the surface en-
ergy and energy barrier for the formation of these intermetallic com-
pounds, which facilitates their formation.

4. It has been shown that the Al-Al;Cu transformation leads to a de-
crease in the specific volume per atom by 9.8%, and the Cu—AlCu; and
Cu—CuoAl, transformations lead to its increase by 3.18% and 7.29%,
respectively. Analysis of the orientational relationships between the
texture directions of the initial Cu phase and the formed :-AlCus and
v2-Al4sCuy phases indicates a possible shear (Bain) mechanism of trans-
formation from f.c.c. copper to structures based on the b.c.c. phase.

5. A study of the obtained Al/Cu foils using differential scanning calo-
rimetry showed that the heat flux as a result of the exothermic reac-
tion in foils with a short modulation period is approximately 2—2.5
times higher than in foils with a large period, which is associated with
an increase in the number of reaction interfaces per unit of volume.
The Kissinger method was used to determine the activation energy for
the formation of the B1-AlCus phase in foils with A=1000 nm: Eg, aicu, =
~141.6 kJ/mole =1.46 eV. For the foil with A = 50 nm, the effective
activation energy was determined for a process consisting of two com-
peting reactions with the formation of the 6-Al,Cu and y.-Al4Cus phas-
es: E4s=124kJ/mole=1.29 eV.

6. It has been established that the increase in the volume fraction of
the intermetallic phases 6-Al,Cu, B:-AlCus and y2-AlsCus observed dur-
ing the annealing process is accompanied by an increase in the micro-
hardness and Young’s modulus of Al/Cu multilayer foils. It has been
shown that the hardness of foil with a nanoscale modulation period
(A =50 nm) in the initial state and after annealing at temperatures of
150°C, 200°C, and 500°C remains approximately 3 times higher than
that of foil with A=1000 nm, which indicates the prevailing role of the
grain-boundary strengthening mechanism. At the same time, it was
found that the plasticity of foil with A=1000 nm is higher than that of
nanostructured foil with A =50 nm, which is associated with a signifi-
cant contribution to the plasticity of large aluminium grains.
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MexaniyHa cTa0ilIbHICTD i KPUXKiCTh MeTaJIiB i cTomis. U. 3. Di3uko-
MeXaHiYHA KOHIIEIIiA MIIITHOCTH Ta PyiiIHyBaHHSA METAJIIB i CTOIIB

0. 1. Memkos, I'. I1. Simina

ITncmumym memanogisuxu im. I'. B. Kypdiomosa HAH Ykpainu,
O0yave. Akademixa Bepradcvrozo, 36,
03142 Kuies, Ykpaina

B po6oTi 3ampomIoOHOBAaHO OCHOBU HOBOTO HiIXOAY A0 PO3TVIALY IIPUPOAU MIiIl-
HOCTHM Ta pPYHHYBaHHSA MeTaJIeBUX MAaTepifAliB B yMoBaxX HaIPYKEHO-
nedopmosanoro crany (HIIC) saranbHOTO BULY, I1I0 BUHUKAE Y JIOKAJIbHUX 30-
HaxX HEONHOPiAHMX CUJIOBUX IIOJIB I Hi€l0 KOHIIEHTPATOPiB HAIPYKEHb
(KH). PosrasanyTo ocHOBU (hisMKO-MeXaHiuHOI KOHIIeMIlil KOHCTPYKIIiiHOI
MinmHOCTH (Gyp) METAJIIB i CTOIIIB Ha OCHOBI MOPiBHAHHSA 3aIIPOIIOHOBAHOTO IIa-
pameTpa pesepBy mintHocTu (PM) B mapaienbHux BuMipax — AS s oHOPiA-
Hux cuyuoBux noiiB (OCII) i Aoy xgaa meopnopizaux (HCII) 3 HIC B 30mi KH.
Buuepnanusa KoxkHOTro 3 BuAiB PM osHauae mepexia 70 KpUXKOTO PyHHYBaH-
Hs, 10 gy PM y HCII nposaBiaseTbesa B KaTacTpoiuHOMy HaJiHHI KOHCTPYK-
HifiHol MiIHOCTH: Gy < Gy 5. IIpUUNHOIO BUUepnaHHA pes3epBiB MinuocTu AS i
AGy MOXKYTH O0yTHM K (DisuuHi YMHHUKHU (CTPYKTypa CTOIIy, TeMIepaTypHi
yMoBH), Tak i cyro mexauiuni ynmaHmuKku (Bug HIC, KH), mo cnpuuynHATH
OKPUXYEHHSA MeTajiB. 3alpOIOHOBAHO CHEIiAJbHY MeXaHiuHy XapaKTepHuc-
THUKY MeTaJiB — 3JIaMOCTi#iKicTh b, (6a3oBy nua oxropizuoro HIC) i b,y (koHC-
TPYKRIiliHy aad Heogquopiguoro HIIC), cuiBBigHOIIEHHA MijK AKUMHU PEIyJIIOE
3aKOHOMipPHOCTi BILIMBY MIITHOCTH G, , (YMOBHa MejXa IJIMHHOCTH) Ta Pe3epPBY
MinmHocTH AS Ha Taki MPOsABY KPUXKOCTU METAJIiB, AK X0JIOAHOJAMKIiCTh i3 mo-
HIKEeHHAM TeMIlepaTypu abo «MexaHoJaMKicTb» mifg giero KH 3a kimmaTtHOl
remnepatrypu Tx. HaBemeno npukianmu sacrocyBanHsa napamerpis AS, Aoy ib,,
b,y BN aHANIBY eKCIePMMEeHTAJIbHUX TAaHUX Pi3HMX aBTOPiB omybJiKOBaHWX
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HAYKOBUX M:Kepeii. 3p00JIeHO BUCHOBOK IIPO e(peKTHUBHICTL BUKOPUCTAHHSA Ma-
paMeTpiB KOHCTPYKI[IMHOI MIiITHOCTU B JOCJIIIKEHHAX IPUPOAU KPUXKOCTH H
OKPUXUEHHS METaJeBUX CTOIiB, CIPUUYMHEHUX HAAMipHUM 3MiITHEHHAM iX,
TIOHWXEeHHAM TeMIlepaTypu uu To niero KH (Tpimua To1110).

Karouosi ciioBa: Kpuiisi, MilHicTh, pe3epB MiIlHOCTH, 3JIaMOCTifiKiCTh, KpUXKe
PYHHYBaHHSA, XOJOIOCTilKiCTh, KOHCTPYKI[iiHA MiIlHiCTh, MEeXaHOCTilKiCcTb,
ONHOPiAHI Ta HEOAHOPiAHI cUIOBI mOJIA.

This work offers the fundamentals of a new approach to the nature of
strength and failure of metallic materials under the conditions of stress—
strain state (SSS) of a general type, which occurs within the local zones of
non-uniform force fields (NFF) due to the stress raisers (SR). Basic founda-
tion of the physical and mechanical concept of structural strength of metals
and alloys, oyp, is considered based on the comparison of the proposed
strength margin (SM) parameter for two cases: AS for uniform force fields
(UFF) and Aoy for non-uniform force fields (NFF) near the SR. Exhaustion of
each type of SM means a transition to brittle fracture, which, for SM at NFF,
manifests itself in a steep fall in structural strength: oyr < 6, 5. Exhaustion of
strength margins AS and Aoy may occur due to both physical (alloy structure,
temperature conditions) factors and purely mechanical ones (type of SSS,
SR), which cause embrittlement of metals. A special mechanical characteris-
tic is proposed—break resistance b, (basic one for the uniform SSS) and b,y
(structural one for the non-uniform SSS), the ratio between which governs
the regularities of influence of strength o, , (conditional yield strength) and
strength margin AS on such manifestations of brittleness of metals as cold
brittleness, when the temperature is decreased, or ‘mechanical brittleness’
due to the SR at room temperature T;. Examples of the application of param-
eters AS, Aoy and b,, b,y are given for the analysis of experimental evidence
published by various authors. A conclusion is made about the effectiveness of
using structural strength parameters in investigation of the nature of brit-
tleness and embrittlement of metal alloys caused by their extra hardening,
the temperature decrease, or the SR effect (cracks, etc.).

Key words: steel, strength, strength margin, break resistance, brittle frac-
ture, cold resistance, structural strength, mechanical stability, uniform and
non-uniform force fields (UFF, NFF).

(Ompumarno 27 6epe3us 2024 p.; ocmamoun. eapiaum — 6 mpagus 2024 p. )

1. BCTYIIL. IIOCTAHOBKA 3AJTAYI

¥ nomnepenuix wactuHax 11 2[1, 2] gaHoro nmukJIy podiT Ipo MeXaHiuHy
cTabiIbHIiCTL MiITHOCTH MeTaJIiB i i1 3B’ 130K i3 KpUXKicTIO, 1110 BUHUKAE
y 3paskKax 3 KoHIeHTpaTopamu Hampy:keub (KH), 6y0 BcTaHOBJIEHO
3aKOHOMIipDHOCTI BILIMBY NOKAa3HUKIB MIITHOCTHU G, (MeKa IIIMHHOCTH)
Ta Sk (icTUHHe Hanpy:KeHHA PYHHYBaHHA 3pasKa), IPeACTaBIEHUX Y
BUIIAAL mapaMmeTrpa B, = Sk/0,, Ha eeKTUBHICTh OKPUXUYBATBHOIL Ail
KH nnsa spaskiB 3 pisHUMU KOHIIEHTPaTOpaMu Hanpy:keHsb [3]. Buase-
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HO, IIT0 3a OKpUXUeHHA Kpullb Oif miero KH cepen moxkasHUKIB MexaHiu-
HUX BJIACTUBOCTEM HAMOIIBININX 3MiH 3a3HA€ MOKA3HUK MIiITHOCTH PYii-
HyBaHHA 3paska 3 KH oyr (HOMiHanTbHE cepenHe HaOpPyKeHHS PYHHY-
BaHHA B HETTO-IIepepisi 3paska). Beanunna oyp y HOPiBHAHHI 3 TOKas-
HUKOM MIiITHOCTH PYHHYBaHHA Sy TJIAIKOr0 3pasKa B 3aJeKHOCTI Bin
Bugy KH i minzocTH KpuIi 6, , MoKe BIACTU HUKYE PiBHA MeKi IJINH-
HOCTH CTOIlY G, ,. CHIiBBiJHOIIEHHA Gyy < Gy, CBIIUUTH IIPO KaTacTpodi-
YHY BTPATy KOHCTPYKIIiIIHOI MiltHOCTU Gyr Tina 3 KH, m1o o3Hauae me-
CcTablJIbHICTh MIiITHOCTH METAJy B YMOBAX HEOJHOPIZHOCTH HAIIPYKEHO-
nedopmosanoro crany (HIC).

IIpuunay MexaHiUHOI HecTabiJIbHOCTH MIiI[THOCTH 3YMOBJIEHO CIIEI[M-
(PiKOIO 3aPOMKEHH Ta PO3BUTKY IIPOIECY PYUHYBAHHSA B 30HI JIOKAJIb-
Hol miaactuuHocT KH. 3a ocTanHi gecaTupiuusa SOCTITKEeHHS B IILOMY
HaOpAMi TOCATJIN 3HAUHOT'O PO3MAaXy B paMKax TaK 3BAHOT'O «JOKaJbHO-
ro migxomy» A0 PYHHYBaHHS MeTaJiB B ymMoBax sarajabHoro sumxy HJIIC
[4—-6]. IIpoTe 11e HEe BUKJIIOUAE MOYKJINUBOCTH JOCJIiPKYBATU 3aKOHOMIp-
HOCTi BILTMBY MOKA3HUKIiB MeXaHiYHUX BJIACTUBOCTEI MeTaly ¥ iIXHbOMY
HoMiHanpHOMY (cepenubomMy) BuMipi Ta umuaHUMKIB HIC Ha KiHumeBuit
pesyJabTaT IPOABY 1X ¥ MTOKA3HUKY HOMiHAJIbHOI MIiITHOCTH Py HYBaHHS
riza 3 KH — B KOHCTpYKIiMiHI# MinmHOCTI oyp. Tarkuii migxia 6yJso pos-
BUHYTO B HU3IIL poOiT, IPUCBAUYEHUX POSTJIALY IIPOIECiB OKPUXUEHHS
KPUIIL i TUTAHOBUX CTOIIIB ITiJT i€10 KOHIIEHTPATOPiB Hanpy:KeHs [ 1—10]
Ta iH. Y migcymMKoBoMy IUKJIL pobiT [1, 2] miiimau BUCHOBKY, IIT0 3 (i-
3UYHOTO MOTJIAAY Yy MeTalleBUX CTOIIaX KPUXKOCTH He OyBae 3a BU3HA-
YeHHAM, ajle KPpUXKa MexaHiuHa IMoBeiHKAa IIiJTKOM MOXKJINBA, ITI0 ITPO-
ABJISETHCA JINIIE Y BUTJIAAL MeXaHiuHOI HecTabilbHOCTH HOMiHAJIBLHOI
MiIlHOCTH PyWHYBaHHA Gyp Y HEOAHOPLAHUX CHUJIOBUX HOJAX (Oyr < O 2)
HaBiTh 3a HaAABHOCTH [JOCTATHBO BEJIMKOI IIJTACTUYHOCTH CTOIY
(vk = 80%). Byso 3’acoBaHo, 1110 He IJIACTUYHICTE (Yk), a TapaMeTep Je-
(opmaniiinoro nepesanpyxxenusa B,=Sy/c,,, AKuil Bigobpakae gedo-
pManiiHuil pesepB MiIHOCTH G, ; B ofHOpisHOMY HJIC, moBHicTIO KOHT-
poiioe mepexin mo KpuxkocTu 3paskiB 3 KH. BeranoBieHHS 3aKOHOMI-
pHOCTEMN y BIJIMBI TapaMeTpiB pe3epBy MiITHOCTH Ha BTPaTy cTabiJbHOC-
T MIiITHOCTU y KPUIAX KOHCTPYKIIIAHOTO IpU3HAUEHHSA € 3aJavuelo Ja-
HOI pobGoTH.

2. ®PI3BUKO-MEXAHIYHA KOHIIEIIIIA KOHCTPYKIIIMHOI
MIITHOCTH METAJIEBUX CTOIIIB

Koumemniiia 0yayeTbcsa Ha OCHOBI ITOKa3HUKIB MIiITHOCTH CTOMIB y iXHix
cepenHixX (HOMiHAMBHUX) BeIMUNHAX , TIPUAHATUX AJIA BUKOPUCTAHHA Y
IPaKTUYHIil iHKeHepHO-KOHCTPYKTOPCHKiil poboTi, — G, , (YMOBHa Me-
JKa TJIUHHOCTH), Sk (icTMHHe HaNpy)KeHHA pPYHHYBaHHS 3pasKa B
«IUHIi»), Oyr (HOMiHAJIbHE HANIPY:KEHHA PYNHYBAHHA 3pa3Ka 3 KiJb-
1IeBUM HaJIPidoM 3a PO3TATYBaHHS), O¢, (HOMiHaJIbHE HANIPY:KEeHHA pyHi-
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HYBaHHS 3pasKa 3 TpimumHOoIo 3a BUruuy). Ha ocHOBiI BkasaHmx xapak-
TEPUCTUK MiITHOCTH OYyAYIOTHCS MOIOMIisKHI mapaMeTpu, IIo BimoOpa-
JKAIOTh pes3epBU MinHocTu AS =Sk -Gy, AJI9 3pasKiB B OJHOpPigHOMY
HIC i Aoy =0yr— Cp 2 B HeogHOpinaomy HJIIC (Burun, kpyuenas, KH,
TPiIITUHY TOII0).

PesepBu minaocTu AS i Aoy BimoOpaskaioTh B cobi e)eKTUBHICTE Ie-
(opManiifHOro 3MiIHEHHA MeTaJIy BUIIE MeXKi NJIMHHOCTH Gy, IO aB-
TOMATUYHO BPaXOBY€ BILIUB ILJIACTUYHOCTH METaJy Ha MOro HAIIPY KeH-
Ha pylinyBauudd (Sk, Oxr)-

Mi:xx mapamerpamu AS i Acy € CKJIAIHUN B3a€MO3B’ A30K, IO PEr'yJIio-
€ThCA UNHHUKAMU IPUPOAU Ta CTPYKTYPU CTONY, TEMIEPATYpPOIO Ta Iu-
HaMiKoi0 HaBaHTaKeHHA 1 AS i1 Bukaouno sugom HJIIC i mipoto fioro
HeomHOpiAHOCTH I AGy, II10, BJIACHE, € 3a1aUeio JaHOT'O JOCTiIKeHH.

1100 1100-
1000 10001 Sxc___ S
1 ] K
g 9001 é‘ 9001 |
g 800+ = 800- ‘
> 700 8 700
g o g 700 <
o 600 : B 600 .
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Puc. 1. TemneparypHi 3aye:XHOCTI MexaHiuHMX BiacTuBocTell a-Fe (a) i kputi
Y8 (0) B ymOBax TPUTOYKOBOTO BUTHHY 3pa3Ka 3 TPiITUHOIO BTOMU (G, , — I'pa-
HUIA IIJIUHHOCTH TJIaJKOTO 3pasKa, Sy — iCTMHHe HaUpy:KeHHA PyHHYBaHHSI,
Go,oc — 3HAUEHHA MIITHOCTH 3a KpuTHuHOi Temueparypu T'¢, 6o — cepesHe HO-
MiHaJIbHe HAIIPYsKEHHA y MicIli pyiHyBaHHSA 3pasKa, g — IJIACTUYHICTH IJIa-
Ixoro 3paska[11]).

Fig. 1. Temperature dependence of the mechanical properties of a-Fe (a) and
steel ¥8 (6) under conditions of three-point bending of a specimen with a fa-
tigue crack (o, , is the yield strength of unnotched specimen, Sy is the true
fracture stress, o, 5 is the strength value at the critical temperature T, ¢, is
the average nominal stress at the point of failure of specimen, yy is the ductil-
ity of unnotched specimen [11]).



MEXAHIYHA CTABIJIBHICTE I KPUXKICTb METAJIIBICTOIIIB. 4.3. 1035

TeMmnepaTypHe 3pocTaHHA 6a30BOi MIITHOCTU Gj, CYIPOBOAKYETHCA
MEHIIT iHTeHCUBHUM 3POCTAHHAM MiltHOCTH pyiiHyBaHHS Sk (puc. 1 3ri-
nmo 3[11]), a omxe, i 3MeHIIIEHHAM a0COTIOTHOI BEIMUYNHY Pe3ePBY Mill-
HOCTH AS, 1110 0O3HAUYAE OKPUXUEHHS CTOIIY. BiJIbIII iIHTEHCHUBHO IIOHMKY -
€ThCS pe3epB MIIMHOCTM B HEOJHOPIAHOMY TOJIi HaOpy:KeHb
AGy = Oy — Op 2, AKNN 3a IEBHOL KPUTUUYHOL TeMIlepaTypu T IepexonuThb
mo3HauKy Acy =0 i maji Baaraii crae HeraTUBHOIO BEJIMUYMHOIO Acy < 0,
KOJIM KOHCTPYKITifiHa MIITHiCTh Oyr 3paska 3 KH mamae mmixue 6a3oBoi
MiHOCTH G,,. Taka curyania osHauae KaracTpo(iuHe pylHYBaHHA
exemenTy KoucTpyKIii (EK) i € HempumycTuMoOI0o B peaibHill eKcILIya-
TaIii Bupooy.

Om:xe, 3amadyeio KOHCTPYKTOpPA € He JOMyCKAaTU HAIKPUTHUHOTO IIO-
HUKEeHHA pedepBy MimHoctu metany AS >AS. (T¢) B Mexax pobdoumx
TeMIepaTyp BUpPoOy. AJje I CTOIIB pisHUX KJaciB MimHOCTH a6CoIIO0T-
Ha BeauumHa AS Bifirpae pisHy 3aXMCHY POJIb BiJi OKPUXUEHHS; TOMY
panioHaabHO IepeiiT 40 HOpMOBaHOI BeuunHu AS /G , (puc. 2):

AS
b =22 (1)
Go,2
nasaoxuopizumx HIIC i
Ac
b, = 20N 2)
Go,2

nasa 3paskis 3 KH.

Puc. 2. Bazosi (gna Ty =293 K) i kputnuni (gna T.) MexaHiuHI XapaKTepuCTH-
KU Ta mapaMeTpHu MeTaJy 3a HU3bKOTeMIIEPaTyPHOTO OKpUxXuUeHHd mif giero KH
(cxema). [lna Tg: ©g, Sk, AS=S8k—0¢,, AOy=0Np— G2 AIA Tei Ggacs Skes
AS;=Skc—Gg2¢, Aoy =0.

Fig. 2. Basic (at T =293 K) and critical (at T ;) mechanical characteristics and
parameters of metal during low-temperature embrittlement due to the SR
(scheme). At Ty: Gy Sk, AS=Sx—06p3, AGy=0xr—0ps; at Te: Gpacr Skes
AS¢ = Sgc— Gp.20) Aoy =0.
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Bespoamipuuii mokasHUK HOPMAaJBLHOTO pe3epBy MirtHocTu b, mo (1)
MOJKHA B3ATU SIK IMIOKA3HUK 0COOJMBOI MeXaHiuHOI BJIaCTUBOCTH — 3JIa-
mocTiikoctu merany (b—break resistance), sxa moegHye BIacTHUBOCTI
mracTuYHOCTH (V) 1 medopmariitiHoro sminaeHHA B,

B =X (3)

Koedimienr medopmarniiimoro sminnenusa B, BimoOpa:kaerbcss XoJi-
JIOMOHOBOIO aHAJIITUYHOIO 3aJieskHicTio [12]:

n

S =G| — | » (4)

€o0,2

e ex =1n(1/(1 — yg)), n — OKa3HUK AedopMalliiinoro smimaeHHa. Mix
noxasHukKaMmu b, i B, € oueBUIHe CIIiBBiJHOIIIEHH:

b.=B,-1. (5)

AwnajoriuHEuM uYnHOM 3 popMy.Jiu (2) BUILIMBAE, IO HOPMOBAHUH IIO-
Ka3HUK pes3epBy MilfHoCTH OJis 3paskis 3 KH
Ac c
— N _ NF _
b= =——-1=B,-1. (6)

N
Go2  Oop,

Beauunny b, MOXKHaA YMOBHO Ha3BaTU IMOKA3HUKOM <«KOHCTPYKILili-
HOI» 3JIAMOCTiMKOCTH METaJy.

AHanizy eKcrmepuMeHTAJbHUX MaHUX MOIIJBHO POOUTH 3 IMOKA3HU-
KaMM 3JIaMOCTifiKocTH b, i b,y 3 TOCTYOHUX MKepeJ, B AKUX IIPeACcTaB-
JIeHO IIOTPiOHi BUXiAHI XapaKTepUCTUKY SOCILIKYBAHUX CTOIIB — Gy 5,
Sk» onr (Oco) [11]-

IIpemMeToM OOCTiM:KeHHSA € B3a€MO3B A30K MK b, AK «(PisUUHUM»
(TOOTO CTPYKTYPHMM) pPE3E€PBOM MIITHOCTHM CaMOro MeTaay i b,y dK
«KOHCTPYKI[IHHNM » ITOKa3HUKOM 3aJIMIITKOBOTO pe3epBy MimHocTH (1110
3aJINIIINBCA B MeTaJIi HA MOMEHT PyHHYBaHHA 3paska 3 KH).

MosxauBi nBa BapiAHTH MOpPiBHAHHA edeKTuBHOCTH BiiuBy KH (He-
ogHopiguocTu HI[C) Ha BeTuumHy b,y.

IlopiBHAHHA MiK c00010 ABOX «(ismuHmX» (TOOTO OJEPKAHUX B OJI-
nopigaomy HJIC) HOpMoOBaHUX pe3epBiB MimuocTu: b, 3a KiMHATHOI TeM-
nepatypu Ty =293 K i b,.=Sk¢/0p2c 3@ TeMIepaTypu Iepexony 10 He-
crabimbHOCTH MinmHOCTH T, (YMOBHOI KPUXKOCTH), KOJU BUHUKAIOTH
ymoBu (puc. 1):

onr = G,2¢(T'c)s (7

abo
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Aoy =0, (8)
i, BimmmoBizmHO,
bx=0. (9)

B rakomy Bumajaky cmoiBBimHOIIeHHA b, 1 b, MOKHA TpaKTyBaTU SIK
KoedimieuT xomoguonamroctu (cold fragility) K ;:

b}"C
ch = Z ’ (10)
a obepHeHe CIiBBigHOIIIEHH S
b
K =-L, 11
-5 (11)

K KoedimieuT xomomocrifikoctu (cold resistance).

Hpyruii BapigaHT BusHaUeHHS e(DeKTUBHOCTY OKpuxXuyBaabHoi gii KH
IIOJIATAE B CIIiBCTaBJIEHHI IOKa3HUKIB b,y 1 b, 3@ KiIMHaTHOI TeMIlepaTypu
Tk =293 K (abo 3a TemnepaTypu exciryaTairii Bupody 7). B rakomy pa-
3i My BM3HAuaeMO Koe(iIlieHT KOHCTPYKIIiifiHoI crabismbHocTu (design
stability) a6o «MexaHocTifikocTu» MeTay 3 taHuM Bugom KH:

K, =N, (12)

3 dopmya (1) i (2) Bugno, mo K, =Acy/AS, TodT0 K4 BimoOpaskae
CTYIiHb BTPaATU KOHCTPYKIIHOTO pe3epBy MilfHOCTU AGy V IOPiBHAHHI
3 ismunMM, ToUYaTKOBUM pedepBoM MimuocTu (PM) AS a6o mipy 3amu-
IIKY KOHCTPYKIIi#IHOI cTabiIbHOCTH MeTaJly ITicJid OKPUXYEeHHA IIifJ mi-
ero KH.

OckinbKu Aoy MOKe HaOyBaTU AK MMOSUTUBHUX, TaK i HeT'aTUBHUX
3HAYeHb, a, BiImoBiAHO, b,y <0, To K, >0 o3Hauae Mipy KOHCTPYKILili-
HOi crabimbHocTH, a K, <0 — Mipy KOHCTPYKIIiiHOI HecTabilbHOCTHU
MeTaay B ymoBax HeogHopimHocT HIIC, cTBopenoi ganum KH.

B dopmynax (10)—(12) mpeacraBieH0 OCHOBHI mapaMeTpu PO3TJIAHY-
TOi BuIlle (pismKo-MeXaHIUHOI KOHIIENITil KOHCTPYKI[iIMHOI MilTHOCTH Me-
rajgeBux cromiB (K, K. i K4), HeoOXimHi aas momanbinol amaaisu pe-
3yJbTATiB eKCIIePUMEHTIB, HaBeJeHUX Yy HACTYITHUX PO3AiJax CTaTTi.

3. SAJIEKHICTD IIOKASHUKIB XOJI0JHOJJAMKOCTH KPUIb
BIJJ BA3SOBOI STAMOCTIMROCTH b, AJIS1 PISHUX BUIB HC

Panimre B po6oTi [13] 6ys10 mokasaHo, 1[0 KPUTUYHUN TOKA3HUK IIepe-
Hanpy:KeHHs B,, 1o (3) 3 mepexooM 10 KpuxKocTu 3paska 3 KH Big mo-
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HU)KEHHSA TeMIIepaTypy 3HAXOAUTBHCA B CTiHKill KOpeJAIifiHil 3ajiex-
HOCTi Bij 6a30BOTr0 IOKAa3HUKA IIepeHanpyKeHHA B, pisHUX KPUIlb:

br

=0,806 +0,194B, (13)

re

3 Koe(imienTom Kopeaanii R=0,71-0,99 ana asox Bugis KH — Kiab-
1eBOTO HAaAPi3y Ta Tpimmuuu [13].

Ockinbku, srigao 3 (5), b,=B,— 1, To MOAiOHY CTYImiHL KOpemAIii
MOJKHA OYiKyBATH i AJIA CHiBBiIHOINIEHHS KPUTUYHOI b,, Ta 6a30BOi 3J1a-
MocTifikocTu b,.

B wacTtuni 2 [2] gamoro mukay mpaihb 0yJi0 BCTAHOBJIEHO, IO ITOKAa3-
HUKY B, pisHUX KPUIH TOHUKYIOTHCS 3i 3pOCTAHHAM iXHBOI 6a30B01 Mi-
IIHOCTU Gy, aje cTabilisyloThcs Ha OZHAKOBOMY KPHUTHUYHOMY DiBHI
B,.~1,6 (To6To b,.=0,6) 1A KpUIb BUCOKOMIITHOTO Kjacy (G, ,> 1000
MIIa) He3ase:kHO Bif KoedillieHTa KOHIIEHTPAIlil HAIIPYKeHb 0.

Braszauuii pesyabTaT moTpebye OiJbIT AeTaJbHOTO PO3TJIAAY POJIi,
aky Bimirpae sug HIC y edpekTuBHOCTI okpuxuyBaabuoi ii KH y xpu-
AX.

B po6Gori [11] npeacTaBiieHO pe3yJIbTaTHU AOCJiMKEeHHA HU3bKOTEMIIE-
paTypHOrO OKPHXYEHHS B3pa3KiB BHCOKOILIACTMYHOTO  O-3aJIiza
(co,2=140 MIIa, yx =85%, b,=4) i masonjacTUYHOI BiJaleHOl eBTeK-
roigHoi kpuni Y8 (c,, =340 MIla, yx =13%, b,=1,7). B pobori HaBexe-
HO MOKA3HUKU G 5, Sk AJA IVIaJKUX 3PA3KIiB i Oyy (O¢o) A4 3paskis 3 KH
B inTepBai Temneparyp 293-77 K, 3 AKux HaMu OyJI0 PO3PAXOBAHO He-
00ximui mapamerpu b,, b,, i b,y Ta iH. (Tabdsa. 1). Kornenrparopu pisHoi
CUJIU O, HAHOCUJIUCSA Ha 3pasKax y BUTJIAAI TOHKUX maacTuH (f =1 mm,
H =40 mMm) g peasisarii mpocroro manpy:xenoro crany (IIHC): o, >0,
0, =03=0 i Ha muIiHAPUUYHUX 3paskax (miamerep d =8 MM) 3 KinbIleBuU-
MU HaApidaMu Pi3HOI 'OCTPOTH, a TAKOK Ha 3pasKaxX IPU3MAaTUUIHOTO
BUAY 3 HAHECEHOIO TPIIMHOI0 BTOMU /IS PYHHYBaHHA 38 TPUTOYKOBOTO
BUTUHY B yMOBax cKJamHoro Hampy:keuoro crany (CHC) B soui KH:
0,>0,>05>0.

Amnajiza mapamerpis 3;mamMmocTiiikocTu b,, b,. (Tc) i b, (T =293 K) 1o-
Kasye, I10 Ha TOHKUX maacTuHax pisHi KH mo-pisHOMY BHIJIMBAIOTH Y
3paskax o-Fe i kpumi ¥8 Ha kputuuny temiepatrypy T, ajie Iad KO-
Horo Buny KH peanizyeTbcsa cBoA BiTOBifHA KPUTHUUHA 3JIAMOCTiMKiCTh
b,., OMHAKOBA IJIs IBOX iCTOTHO pisHMX MaTepisainiB (mos. 1-2, 3—-4, 56
taba. 1). Ile osmauae, o B ymoBax ITHC 3a BigcyTHOCTU 3KOPCTKOCTHU
HJIC okpux4yeHHs peaisyeThbCs 3a PaXyHOK JIUIIIEe YMHHUKA AedopMma-
IiAHOTO TepeHaNpy:KeHHA 1o (4) 3 BixmoBiguuM mia KoxxHoro KH mi-
KoM ILmactuuHol medopwmarii e, ,, (auB. b,. naa mos. 1-2, 3-4, 5-6 y
TabJ. 1).

Aune B ymoBax CHC (mos. 7-12), ge cTymiub geopMalliifHOTO IIepeHa-
MPY:KEeHHA 3MEHIIIYETHCA Yepe3 CTUCHEHHA IJIaCTUYHOCTU, KPUTHUUHI
TMOKa3HUKHU b,, SMEHIIIYIOTbCS, MPUYOMY edeKT OiibIll BiguyTHUI IJid



MEXAHIYHA CTABIJIBHICTE I KPUXKICTb METAJIIBICTOIIIB. 4.3. 1039

TABJINIA 1. Bouaus cunu KH (o) i Bugy HIC (upocTuit Hanpy:KeHUl cTaH
(ITHC), ToukKi nnactuum, ckaagumii HaupyskeHui crad (CHC), kinbesi Hagpi-
3U, TPIIIMHN) HA KPDUTUUYHI IOKa3HUKU PYyIHYBaHHA Ipu T MOAEJbHUX CTOIiB
o-Fe (o,,=140MIIa, b,=4,0) i esrexroigmoi kKpumi VY8 (o,,=340Mlla,
b,=1,7) (K4 nna Ty =293 K), o, — HeiibepiB KoedimieHT KoHIeHTpaIii Ha-
npyseHb [12].

TABLE 1. The effect of SR type (o) and the type of stress—strain state (sim-
ple stress state (SSS), biaxial-thin plates, complicated stress state (CSS), tri-
axial-annular notches, cracks) at T, on the critical characteristics of fracture
of model o-Fe alloys (c,,=140MPa, b,=4.0) and eutectoid steel V8
(69 5=340 MPa, b,=1.7) (K, for T.=293 K), o, is the Neuber stress-raising
coefficient [12].

KH b b K K
:ng K T s R s MH re N cf ds
PRI (01,) e B 0200 A (AS /64 50) [(ACn /G0 )| (Bre/D,) | (B, /b))
Bug HIIC: ITHC (ToHKi muacTuHMT)
1 oFe K3 100 500 0,9 0,2 0,22 0,05
2 V8 2,2) 200 500 1,0 0,2 0,59 0,12
3 a-Fe K4 100 445 1,2 0,3 0,3 0,07
4 V8 (2,8) 240 440 1,2 0,4 0,7 0,23
5 oFe . 130 350 1,7 0,2 0,42 0,05
6 vyg P 293 340 1,7 0 1,00 0
Bug HIIC: CHC
(mo3. 7-10 — kinbuesi magpisu, mos. 11-12 — Tpimueau BTOMMN)
7 o-Fe K3 140 470 1,0 2,7 0,25 0,67
8 V8 (2,8) 125 825 0,1 0,8 0,06 0,47
9 a-Fe K4 120 420 1,3 4,3 0,32 1,20
10 V8 (3,9) 150 550 0,5 0,86 0,29 0,50
11 oFe . 140 370 1,7 0,8 0,42 0,20
12 yg P 220 460 1,2 0,14 0,62 0,08

MaJIOILJIACTUYHOI KpuIli ¥ 8, amik mma o-Fe. B pesyabTaTi 11boro BUHU-
Kae Jerno napajgokcaabHuii eperT: B ymorax ITHC smeHIIeHHA mIaacTu-
YHOCTH MaTepisanay OiJbIl BiAUYTHO 3MiHIOE XOJIOMHOJIAMKICTH CTOIY
(muB. K mos. 1-2, 2—-3, 5-6), anik y 6imbm :kopcTkux ymoBax HJIIC
(mos. 7-8, 9-10, 11-12). Omxe, moaBa B 30Hi KH ynHHNKA }KOPCTKOCTHU
HIIC[14]

j=2 (14)
O.

13

e G; — iHTEHCUBHiCTH HaNpPyKeHBL [15], AKa cama cayrye BJIacHUM
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I:xepeJsoM mepeHanpyskeuusa B 30Hi 1ii KH B ymosax CHC, uepes cTuc-
HeHHS ILTACTUYHOCTH METAJTy HAaCTiIbKU 3MeHITye eeKTUBHICTE medo-
pMaIifiHOTO 3MIiITHEHHS, IO B IIiJIOMY KPUTUYHUN PiBeHb 3JIAMOCTIAKO-
ctu b,. i BinmoBimHOo KoedimieHT xomomHomamroctu K (Tabdia. 1) mns
kpuili Y8 B ITHC smenIyersesa 6iyabIn BiguyTHO, HisKk B CHC.

Ha pucyury 3 mpeacTaBIeHO BILIUB 3JIAMOCTiliKOCTH b, Ha 3aKOHOMi-
pHocTi 3poctanua min mieio KH moxkasumka K A1s 3paskKiB B ymMoBax
CHC (irimii 1, 2) i ITHC (Touki mmactuuwn, ginii 3, 4). YiTko BugHO, 1110 B
TOHKUX ILJIACTUHAX XOJOAHOJIaMKicTh (K ) crmocTepiraerbes Oisa 6ibIm
IJIACTUYHUX Kpuis (b,>2,0-2,3), HisK IJId MacUBHUX ITUIIHIAPUUYHUX
yu npusMmatTnyHnx 3paskiB (CHC). 3Bicu BUCHOBOK: TOHKOJIMCTOBI BU-
pobu (TpyOu TOI0) 3 HUBBKOMIITHUX KPUIb (G » < 300-400 MIIa) Ginbi
yyTausi go aii KH, amixx MmacusHi, A AKUX XO0JOAHOJAMKICTE cTae 3a-
TPO3JIMBOIO JUIIe 3a HeBeIMKUX HOoKasHukKiB b, (1,5-2,0). ITokasuuku
K nnsa puc. 3 ogepikaHno 3 faHuX TabJ. 2, aki Oyau HaMu po3paxoBaHi 3
eKCIepUMEeHTAJbHIUX Pe3yabTaTiB, HaBegeHux y [16]i[11].

3 pesyJbTaTiB, HaBegeHUX y TabJ. 1 i 2, BUNInBae 3araJbHUI BUCHO-
BOK IIPO Te, IO XOJIOAHOJAMKICTh KOHCTPYKIIIHUX Kpuilh (K ;) 04HO3-
HAUYHO PeTyJIeEThCSA BEJIUUYMHOIO ITOKAa3HUKA 3J1aMOCTiiKoCTU b, KpUIli,

1,64

brc/br

S
Co
1

X0I0SHOJIAMKICTE ch
S8
W, (w2}
1 1

S
bo
1

0,0 T T T T T T T T T T T T T T T T T T T 1
00 06 10 1,5 20 25 30 3856 40 45 5,0
3mamMocTiHKicT b,

Puc. 3. 3anexxkuicts xosogHONIaMKocTH K, Kpuinb Ha 3paskax 3 KH
(I —kinmpueBuit HAAPi3, 2— TPinMMHa BTOMHM) Bil mapaMeTpa 3JIaMOCTiAKOCTH
b,: 1-2 macusBHi 3pasku B ymoBax CHC, 3-4 Ttouki mmacturu B ymoBax ITHC
(tabu. 1, 2) (3a rapumu [12, 16]).

Fig. 3. Dependence of the cold fragility K., of steels (specimens with SR, I is
annular notch, 2 is fatigue crack) on the break-resistance parameter b,: 1-2
are bulk specimens under the triaxial-stress state, 3—4 are thin plates under
the biaxial-stress state (Tables 1, 2) (according to data[12, 16]).
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TABJINIIA 2. Kputuuni napamerpu Kpuxkoctu Kpuub (b,., K., K,) naa KH
piszoro Buay (rpyma 1 — mazpis i3 D=8 mm [16], rpyma 2 — TpinuHa BTOMHI
[12]) B 3asesxHOCTI Bix 6a30BO1 371aMOCTiHHKOCTH b,.

TABLE 2. Critical parameters of brittleness of steels (b,., K.;, K4, for SR of
different types (group 1 corresponds to notch with D=8 mm [16], group 2 is
fatigue crack [12]) depending on the basic break resistance b,.

Ne Kpunsa, o6pobieHHsa %1/1}1; ﬁ(ﬁ; ﬁfﬁ; b, | b, (bfﬁr) (bi%r)
1 Cr.30 & & 350 800 1,97 0,31 0,16 -

2 30XICA (s.8.,200°C) £ & 1400 1600 0,58 0,5 0,87 1,13
3 B0XTCA (isor..,300°C) & £ 1500 1600 0,8 0,45 0,57 1,25
4 30XTCHA (isor.s., 200°C) = £ 1450 1700 0,77 0,57 0,75 1,85
5 30XTCHA (izor.s.,300°C) = & 1170 1400 1,1 0,36 0,33 0,7
6 10X2CBA 2 £ 1600 1700 0,83 0,59 0,71 -

7 V8 (3.a., 400°C) A5 1180 1300 0,58 0,54 0,93 -0,2
8 a-Fe 140 350 4,0 1,77 0,44 0,28
9 V8 (sizman) 340 450 1,8 1,15 0,64 0,16
10 Cr.3cn 160 400 2,1 1 047 0,51
11 10XCHIT 310 420 1,9 1,5 0,79 0,45
12 AK35 1027 1100 1,3 1 0,77 0,75
13 SII 12XH2M/I® 640 700 0,97 0,81 0,83 0,66

(;eryBanua Bopowm B = 0,0)

3IIT 12XH2MI D

14 640 820 0,8 0,46 0,57 1,2

T'pymna 2. K2 [12] BuruH 3 TpilimuHOIO

(B=0,001)
B3I 12XH2MI®

15 (B=0.0023) 640 977 1,0 0,5 0,55 1,0
3II 12XH2MNI®

16 (B=0,004) 650 968 1,17 0,67 0,57 0,9

aJjie mo-pPi3HOMY JJIsI TOHKOCTIHHUX i MACUBHUX BUPOOiB.

4. BII/INB IIOKASHUKA .?»UJIAMOCTIIL/'IROCTI/I b, HA TPUBRY
MIITHICTh (MEXAHOCTIMRICTD) SPA3SKIB 3 KH 3A CTAJIOI
TEMIIEPATYPHU EKCIIJIYATAIIII

Bimowmo, 110 edpeKTUBHICTE OKpuxuyBaibHOI Aii KH 3amekuTsh He TinbKu
Bij cusim KoHIleHTpaTopa (0..), aje (B 6iibImiit Mmipi) # Bif BaacTuBocTei
cromry [1-3]. Ane mpobJyiemMa moJiArae B TOMY, IO KOMeH 3 TPATUIIIHHIX
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IIOKa3HUKiB MeXaHIUHUX BJIACTUBOCTEl — Gy, Yk, KCV Ta iH. He Mae
CBOT'O BJIACHOTO IIOPOTOBOTO 3HAUEHHA, Iepexis 3a AKMHA o3HauaB Ou
BTPATy CTAOLIBLHOCTY MiITHOCTH, TOOTO KPUXKIiCTh 3pasKa 3 JaHUM BU-
mom KH, ocKinbKM Bci BJIaCTHBOCTI HOPOABIAIOTE cebe B TicHiit
moB’sA3aHOCTi Mix cob6oio. ToMy JOBOAUTHLCA BU3HAUATH AJIA KOXKHOTO
CTOIly CBOI BJIACHI KDUTHUYHI IOKa3HUKHU II€PEeX0AY 40 KPUXKOCTH (Gy 2.,
v, KCV, rain.).

HopMmoBanuit Ha MiIIHIiCTh MOKA3HUK Pe3epBY MIITHOCTH — 3JIaMOC-
TifiKicTb b, 110 (1) Bike BpaxoOBY€ BILIUB BJIACTUBOCTHU MiITHOCTH G »; TO-
MY MOXKHAa CIIOAiBaTUCH, IO AJA b, KPUTUUHUH IIepexXiJl 10 KPUXKOCTHU
MOXKe MaTH O3HAKM IEeBHOI IIOPOroBOi BeJIMUNHN, IIPUHANMHI, AJIS IeB-
HOT'O BUJy pPerjaMeHTOBAHOIO THUITY HAaJApisdy UM TPIIMuHU Ha 3pas3Kax i3
KH.

Ha pucynky 4 HaBeleHO KiJIbKa IPUKJIALIB 3aJ€KHOCTH KOHCTPYK-
IiATHOTO pe3epBy MiIHOCTH (ACy), 3aKJIAJEHOTO B ITIOKA3HUK «MEXaHOC-

&
T

Mexanocrifikicts K, =b /b
s riN: r
= o
[ S
1

_1’5_

L | T LI T T T T LI T T 7 T T ™
00 05 1,0 1,56 20 25 30 35 40 45 5,0 55 6,0
SnamocTiiKicTs b,

Puc. 4. 3anexxHicts KoepdinienTa KorcTPyKIifiHOI cTabinbHOCTU K ) («MEXaHO-
crifikocTu») Big 6a3oBoi 31amocritikoctu qaa Ty. 1 — 3pasku 3 TPiIUHOIO HA
BuruH [3]; 2 — kinbuesuit Haapis (r=0,1 mm, D=10 MM, f=600) [12]; 3 —
Kinbiesuit Hagpis (r=0,25 mMm, D=8 MM, f=450) [17]; 4 — KinbueBuit HAAPis3
(r=0,1m™m, D=6 mm, f=600) [16]; 5-8 — HU3BLKOTEeMIIEpATYPHE OKPUXUEHHS
38aT.:[12],6—V¥Y8[12], 7—Cr3cu[12], 8— AK-35[12].

Fig. 4. Dependence of the coefficient of design stability K, (‘mechanical sta-
bility’) on the basic break resistance at T. 1 are cracked specimens, bending
tests [3]; 2 is annular notch (r=0.1 mm, D=10 mm, 3 =600)[12]; 3 is annular
notch (r=0.25 mm, D=8 mm, B=450) [17]; 4 is annular notch (»=0.1 mm,
D=6 mm, f=600) [16]; 5-8 is low-temperature embrittlement at T: [12],
6—Y8[12], 7—Cr3cu[12], —AK-35[12].
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tTitikocTu» K4 mo (6) i (12), Bix smamocrifikocTu MeTtasry b, 3a eKcuepu-
MEHTAJILHUMU NAHUMHU CTOCOBHO IIOKAa3HUKIB Oyp (Ogy) AJIA PisHUX
KpUIlh 3a pyHHYBaHHA Ha TPUTOUKOBUY BUTHH ITPU3MATUUYHUX 3Pa3KiB 3
HaBeneHoI0 TpimuHoIo [3] (TabJ. 3) Ta Ha PO3TAT 3pa3KiB 3 KinbIleBUMU
Hanapizamm [12, 16, 17] (Tabxa. 4). 3azHaunMo, 1110 BCi eKCIIepUMEHTAIb-
Hi mani 6yJ0 omep:KaHO y BUIPOOYBaHHSAX 3PasKiB 3a KiMHATHOI TeMIIe-
parypu Ty =293 K.

Heszamnesxuo Big Tuny KH, MmakcumMym MexaHiuHOI cTabibHOCTH MiIl-

TABJIMIA 3. Bnnus MexaHiUHNX BJIaCTHUBOCTel KPUIh (Gy 2, Yk, b,) HA TDUBKY
MinHicTh (Ggy), KOHCTPYKILIHHY 3JIaMOCTiHKiCcTh b,y 1 MeXaHOCTiMKicTh 3pa3KiB
3 TPiIIIMHOIO 32 TPUTOYKOBOTO BUTHHY [3].

TABLE 3. The effect of mechanical properties of steels (5,5, Wk, b,) on the
bearing strength (o), the structural break resistance b,y and the design sta-
bility of specimens with a crack at three-point bending [3].

1 Go,2> | Vx> K,
Ne KK O06pobiienHsA MITal % b, |0ce,MIIa| b,y Ou/b)
1 2 3 4 5 6 7 8 9
1 AK-35[2] Crau mocraBKu 1027 75,0 1,26 1820 0,83 0,66
2 o-Fe[2] I'1323K,2rogII0 138 83,8 4,07 290 1,10 0,27
3 10XCHI [2] I'1373 K, 2rox II0O 312 72,0 1,95 590 0,88 0,45
4 Cr.3cm [2] ri373kK,2,75.110 160 71,7 2,14 307 0,92 0,43
I'1373 K, 1roa+BII
5 1023 K, 16 rox; 870 23,0 0,82 1220 0,40 0,49
923 K, 10 rozx
10X15H27T3B2MP[3]
I'1373 K, 1roa+BII
6 1023 K,16 rog; 880 10,0 0,64 713 -0,19-0,29

923 K, 10 rog+H,

I'1393 K, 1rog+BII
953 K, 2rox

1273 K, 1 rox, 1023 K,
8 03X12H10MT [4] 2rog+BII 773 K 940 79,0 1,84 1740 0,85 0,46
2ron

T'1373 K, 15 xB;
1023 K,
2rog+BII 773 K,
2ron

10 II0-AH30, lmap 430 67,5 1,16 2830 0,92 0,79
11 CIII X75 [2] II0-AH30, 2 mapun 361 60,7 1,17 700 0,94 0,80
12 II0-AH30, 3 mapn 404 51,9 2,10 776 0,92 0,44

7 15X12H2M®PAB [4] 940 62,0 1,11 1580 0,68 0,61

9 03X12H10MT [4] 930 76,0 1,50 1655 0,78 0,52
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IIpodosncenns TABJIUIII 3.
Continuation of TABLE 3.
1 2 | 3 |45 |6 | 7][8]0
13 K® 48-AHK-54,B=0 622 59,9 1,00 970 0,56 0,56
14 Te 3%, B=0,001 623 55,6 0,86 890 0,43 0,5
CIII 12XH2MI®D [2]
15 Te 3%, B=0,0022 628 68,1 1,04 1005 0,60 0,58
16 Te 3%, B=0,004 642 67,9 1,18 1117 0,74 0,63
17 20X [5] BII473 K 1150 53,9 0,68 1276 0,11 0,16
18 T'1113K+BI1423 K, 2rox 1860 16,5 0,64 930 1,50 2,34
19 50X [5] T'1113K+BII473 K, 2rox 1920 46,7 0,64 1152 -0,40 -0,62
20 T'1113K+BII673 K, 2ron 1560 48,6 0,64 1248 -0,20 -0,31
21 T'1113K+BII773 K, 2rox 1200 57,2 0,65 1080 -0,10 -0,15
22 BTMO+BII473K 1760 53,0 0,63 774 -0,56 -0,89
40C2X [5]
23 BTMO+BII573K 1690 55,0 0,65 900 -0,47 -0,72
24 BTMO+BII573K 2205 38,0 0,63 433 -0,79-1,25
60C2X [5]
25 BTMO+BII773K 1570 40,0 0,64 723 -0,54-0,84
26 IX15[5] T'1183K+BII473K 2120 3,6 0,63 1502 -0,93 -1,47
27  24XHOM®A[5] T1153K+BII913K,15r00 765 73,5 1,51 1362 0,78 0,51
28 65D [5] CTaH IIOCTaBKU 700 28,0 0,69 800 0,14 0,20
29 10XCH/I [6] Y3I0BX IIPOKATY 419 69,7 1,92 1020 1,43 0,74
30 10XCH/ [6] MOIIePeK IPOKATy 445 73,7 2,15 1175 1,64 0,76
31 Y3I0BX IIPOKATY 571 65,6 1,26 1050 0,84 0,67
12I'2MO@T [6]
32 MOIepPeK IPOKaTy 602 58,4 1,03 975 0,62 0,60
33 15XCHI [7] CTaH IOCTaBKU 328 68,0 2,19 880 1,68 0,76

ITpumimru: I'—rapryBanusa; II0 — niune oxomomsxennsa; BII — Bignyck; H, — BoxHe-
Be cepepoBuiie; 3111 — 3BapHuii mos; I1J] — mopomkoBuii apitT; K@ — xepamiunmit
dutoc; B— BmicT Bopy; BTMO — BucokoremnepatrypHe Tepmiune o6pobsenusa. [{ludpu
nocunasb y KosoHIi KK HaBeneno B po6oTi [11].

HOCTU KPWIIb CIIOCTEPIiraeThcsi B Merkax IoKasuuka b,=1 abo misa
KPHUIb, y AKUX Pe3epPB MintHoCTU AS 61U3bKUi 3a BEJIMUMHOIO 10 6a30BO1
MiITHOCTH G »: AS = G, (AuB. (1)). [l KpuIh 3 HU3BKOIO 3J1aMOCTiliKic-
110 (b, < 1,0) cmocrepiraeTbcsa pidKe MOHMKEHHA KOHCTPYKIIIHHOI Mirr-
HOCTH Oy (O¢g), @ HA 3paskax 3 TpiluHoI0 (KpuBa I, puc. 3) «MeXaHoc-
TifikicTb» K4, <0, TOOTO Gy < Gy 5, 1[0 € O3HAKOIO KaTacTpodiuHoro pyii-
HYBaHHS 3pa3KiB 3 perjiaMeHTOBaHO0 TPilUHOIO.

3 TabsuIi 3 BUAHO, 1[0, He3aJIEXKHO BiJ MIITHOCTH G, ,, BCl KpuUIli i3
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TABJINIIA 4. MexaHocTilikicTs 3paskiB 3 KimbieBum Hagpisom (D=6 mm,
B=450) nna Ty = 293 K; pospaxoBaHo 3 faHux poboru [17].

TABLE 4. Mechanical stability of specimens with annular notch (D=6 mm,
=450, T, =293 K) (according to data[17]).

Ne Kpuna O6poGIeHHA ﬁ(ﬁ; b, b, (bijsbr)
1 H 880°C 530 1,18 1,18 1,0
2 I + BII 560°C, 1 roz, 620 1,61 1,78 1,16
3 I + BII 380°C, 1 rox, 785 1,36 1,57 1,15
4 Kpunma40 I+ BII400°C, 1roz, 657 1,46 1,50 1,03
5 B 880°C 373 2,39 1,91 0,80
6 IIITO + BII 350°C 1165 0,75 1,01 1,33
7 IIITO + BIT 250°C 1381 0,68 0,89 1,125
8 I + BII 300°C, 0,5 rox, 1502 0,67 0,93 1,38
9 H 920°C 729 1,11 0,84 0,76
10 30XTCA I'" + BI1 400°C, 1rox, 1260 0,74 0,89 1,20
11 I + BII 520°C, 1 roz, 970 0,91 1,07 1,18
12 IIITO + BIT 220°C 1480 0,77 1,0 1,30

IIpumimku: H — sopmauizanis; I'™ — raprysamnsa; BII — signyck; B — sigmas; IIITO
— IIBUJKicHEe TepMOOOPOOIeH .

s3namocritikictio b, = 0,63-0,65 (1mo3. 6, 18-26) Ha 3paskax 3 TPiIIIUHOIO
MMOKAa3yIOTh HETATUBHY BEeJUUYNHY KOHCTPYKIIIHOTO pe3epBYy MiITHOCTH
onr<0,a0Txe,ib,<01iKy <0, TOMY 110 y UX KPUILb Gy < G 5+

Taxkuii camuii pesyJbTaT mokasye i Kpusa 4 Ha puc. 4 11 3paska 3
KinbrieBuM Hazpisom. Ha xpuBux 2 i 3 HeMae maHUX NP0 KPUXKe PYH-
HyBaHHA (Oyr < Oy ) 3paskis 3 KH, ane HaiiMeHIIIe 3HaUeHHA 3J1aMOCTili-
Koctu b, nyia kpuBoi 2 ckaagae 0,5, 110 BigpisHaeTses Big moporay 0,63
B MerKaxX MOJKJMBOI MOXMOKU eKCIIepUMeHTy. B 1ijomy pesyabTaTy Ha
puc. 3 MOXKHa BBa)KaTU AK IOMEPEeTHBO OIiHOUHi. [JIA TOYHOTO BU3HA-
YeHHSA IIOPOTOBOT0 3HAUEHHS KPUTUYHOI 3JIaMOCTifiKocTu b,. 11010 m0-
cArHeHHA Kpuxkoro crany Bix xaii KH nna Ty =293 K noTpibHi cneris-
JIbHI eKCIIepMMeHTH 3 3aJIy4eHHSAM CTOIIB 3 MaJjOI0 3JaMOCTiliKicTio
b,.<0,5.

HaBemenux BuIlle JaHUX I[ITKOM AOCTATHBO, ITO0 MifiTM BUCHOBKY
IIpo Te, IO KOHCTPYKILiMHI KpuIli 3 piBHeM ayamocriiikoctu b,> 0,65
nns Ty B3araji He MaOTh CXUJIBHOCTU O OKPUXYEHHSA 3a OyAb-AKOTO
KOHIIEHTPAaTOpa HANPYKEeHb (HaBiTh i3 TPIIIMHOIO BTOMU CTAHIapPTHOTO
tuny [18]). [ua kpuus 3 b, > 1 TpuBka MinHicTh 3paskiB 3 KH oy (og) B
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OCHOBHOMY 3aJIEXKUTH BiJl piBHA b, i, B MeHIIIi# Mipi, BiJi cuJIy KOHIIEHT-
paropa (o) Ta Buny HIIC (IIHC, CHC). IIpore KOHKpeTHe 3HaUEeHHS
KOHCTPYKIIifiHOI Mi1tHOCTH (Oyp) B JAHOMY BUNAAKY € HEiCTOTHUM, OCKi-
JbKU PYHHYBaHHSA BifOyBaeThCs 3aBXK M BUIIEe PiBHS ILNIMHHOCTU MeTa-
JIy Gy 3, IBHO BHIIOT'0, Hi’K JOIIyCTHMe PO3PAXyHKOBE HAIIPY KeHHA [G].

3 immroro 60Ky, Aasa Kpuisb i3 b, < 0,6—0,7 piBeHb Oy IEpecTac 3aJe-
JKaTH BiJ IIJIACTMYHOCTH MeTaJy i I[IIKOM PeryJaioeThcA Horo 6a3oBOIO
miruicTio Ta cunoo KH (o) (puc. 4).

5. OBI'OBOPEHH A PE3YJbTATIB

3 HaBemeHUX y po3ainax 3i4 pesyabTaTiB aHAII3U eKCIIePUMEeHTAIbHIX
JaHNX BUHUKAE MOKJIMBICTH OKPECIUTH OCHOBHI IIOJIO}KEHHS (Pi3mMKO-
MexaHiuYHOI KOHIIeNIlil KpUXKOTro PyHHYBaHHA MeTaJeBUX CTOITiB.

Bci meTaseBi maTepidam 3aBAAKY IXHIN MJIACTUYHOCTI HaIiJieHi 0c00-
JINBUM JONOBHEHHAM [0 IXHbOI 6a30BOI MiITHOCTH G, , — Pe3epBOM MiIl-
HOCTU AS =Sk — G) 5, AKNI y HOpMOBaHOMY BuMipi b,=AS/c, , TpaxTy-
€ThCSA K IMOKA3HUK BJIACTUBOCTH 3JIAMOCTiMKOCTH MeTary. 3JIaMOCTili-
KiCTh € HACJiJKOM BJIACTHUBOCTEMH IIacTuUYHOCTHU (Yy) i MedopMariiitHoro
sMinHeHHA Metasny B,=Sk/c,,=(500eK) (3a Xommomonom). Peseps
mimtHocTu AS i, BigmoBigHO, b, CAYTYIOTH €EIUHUM 3aCO00M 3aXUCTY Me-
TaJiB Bil OKpUXUEHHS Ta KpUXKocTu. 3MeHIIeHHsa AS (a TouHiime b,) €
03HAKO0I0 HAOIMIKEeHHS J0 KPUXKOCTU, TOOTO OKPUXUEHHA METAJY.

Cran yMOBHOI KPUXKOCTHU MeTaJly, a HacupaBzi cTad BrpaTu (abo Jjo-
KajpHOTO BruepnaHud min aieio KH) pesepry minmuoctu AS =0 (b, =0),
O3Haudae Iepexin A0 HecTablJIbHOI MIITHOCTU MeTANy G, KOJIU PYHHY-
BaHHA HACTA€ paHillle MeKi IJIMHHOCTHU Gy < Gy ; BHACHIJOK il YNHHH-
ka HeogHopimuocTu HIIC (Buruu, KH).

ITouu:xenns Beauuunu AS (b,) MOKJIBe Bif mii IBOX BUIiB UMHHUKIB
— (isuyHUX (CTPYKTYPHUX, TeMIIepaTypPHUX), KOIU G, , 3POCTAE IIIBU-
aure, HixK Sk, 1 Mexariuaux ((koperkicte HIC, j> 1), Kosuu G, ; 3pocTae
Big cTucHeHHA miaacTuuHocTU. OTiKe, IMIJIAX J0 KPUXKOCTU ab0 OKPUX-
YeHHS CTOIY MOKe OyTH ABOX MPUHIIMIIOBO Pi3HUX BUAIB — TeMIIepary-
pHUi 6e3 3MiHM ITOYATKOBOI CTPYKTYPHU MeTary abo MeXaHiuHUHi 31 3Mi-
HOIO CTPYKTYPU MeTasJy Bix miactuuHol gedopmariii. Ha npakTui gusa
MPUINBUAIIEHHA CTaHy KPUXKOCTHM B MeTajaX YacTO 3aCTOCOBYIOTH
KOMOIiHAIIiI0 ITMX IBOX CIIOCO0iB.

Aute ciocib OKpUXYEeHHSA Ma€ MPUHITUIIOBE 3HAUEHHA 1151 BUBHAUEHHA
KPUTHUYHOTO IIOPOTa 3JIaMOCTiiKOCTH b,,.; TOMY /IS MeXaHiuHOI'0 Iopora
nna Ty =293 K maeMo mjia Bcix Kpuis oaus mopir b,.=0,63-0,65 (xpu-
Ba I, puc. 3). Ha Tomy K PUCYHKY JOJaTKOBO HaHECEHO KPUTHUUHI JaHi
b,. JIs TeMIIepaTypPHOTO Iopora KpuxKocTu aAasa T Ha 3pasKax 3 Tpimu-
HOIO AJA Kpuib i3 Ttabdna.2: o-Fe b,.=1,8 (mos.8), Cr.3co b,.=1,0
(mos. 10), kpuna 10XCHI b,.=1,5 (mos.11), xpuma AK35 b,.=1,0
(mos. 12) (puc. 3, xiuii 5—8 BigmosigHo).
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fAx 6aummo, KpUTHUYHI PiBHI b,, AJIA TeMIIEPATyPHOTO OKPUXUEHHSI
nnsa T asuo Bumii 3a b,.= 0,63 nina Ty =293 K, i e miakom joriuwxo, To-
MY IO 3a HU3BKUX TeMIIePaTyp MeTaJI 3 IIi€I0 »K CTPYKTYPOIO Ma€ 30BCiM
iHmi MexaHi4Hi BJIACTHUBOCTI — G 3¢, Skesr U, TOOTO IIe — BiKe iHIUN
MaTepis.

3’scyBaHHA KOHKPETHUX HPUYUH 3MiHM IIOPOTOBUX 3HAUEHL b,. 3a
remmeparypHoro (T'¢) i mexaniunoro (7T'x) criocob6iB OKPpUXUYEHHA ITOTPE-
0ye pOoBIJIAAY IIEBHUX JEeTaliB MeXaHi3My OKPUXUEHHS METAJIIB, IO BU-
XOJUTH 34 MEXKi IT0CTaBJIEHOTO 3aBIaHHA.

BUCHOBRH

1. PyiiHyBaHHS MeTaJIeBUX CTOIIIB Yy HEOJHOPiMHUX CHJIOBUX HOJAX
(HCII) ¢popmyerbca mif Ai€el0 YMHHHUKIB NepeHAaIpPy:KeHHA (G, > Gy ,)
IBOX BuIiB — pmedopmaitiiinoro (yMoBHO ()i3muHOro) i MexaHiuHOTO
(sxopctroctu HJIC); TomMy mpupoAa KOHCTPYKIIiMHOI MiITHOCTH MOXKe
OyTH omMCcaHOI0 B paMKax 00’emmaHol (ismKo-MexaHiuHOl KOHITeIIrii
pyiHYBaHHSA MeTaJiB.

2. DizuKo-MexaHiuHa KOHIIEIIlid MIIIHOCTH Ta PYHUHYBaHHS MeTaJiB
OynyeThCcsa Ha BUBHAUYEHHI IOHATDH Pe3epBy MinHocTu AS i HOpMOBaHOTO
pesepBy MminHOCTH b, (AS/0, ), AKUIl BifoOpakae creniaabHy MexaHiy-
HY BJIACTUBicTh — 3JlaMocCTifiKicTh. IlokasHUK 3aamocriiikocTy b, 3a
CBO€EIO ITPUPOOIO0 II0 CYTi BioOpaskae BJIACTUBICTh IIJACTUIHOCTH MeTa-
Jy, ajie BUpasKkeHoi y hopMi ToZaTKOBOI MiITHOCTH, JOAaHOI 10 6a30BO1
MiITHOCTH Gy 3, TOOTO pe3epBy MinmHocTu AS, AKUIl BUKOHYE (PyHKIIiiO
3aXMCTy MeTaay BiJ KpuxkocTtu B ymoBax HCII.

3. Came B pesepBi mimHOCTH AS YacTKOBO 400 IiJIKOM IIOTJIMHAIOTHLCSA
micieBi nmepenanpy:kenasa B Tigi 3 HCII, cTrBopeHi ax medopmarliitHum
aminmHenHaM, Tak i skopcerkicTio HIC B 3oui KH. Saauiok mimaocT y
HOMiHAJBbHOMY BUMIpi Oyp ABJSAE COO0I0 TaK 3BaHY KOHCTPYKILiMTHY MiIT-
HicTh Tija B ymoax HCII.

4. KputnuHa BeauuynHa 3jaamocriikoctu b,, B HCII BuHMKae i B ymoBax
TIOBHOI BTPATH pe3epBY MillHOCTU (B HOMiHaJILHOMY BUMIipi Acy =0) 3a
PYWHYBaHHSA Tila Ha MeXi IJIMHHOCTH MeTAay: Gyp= Cj s, 1110 03HAYAE
KPUTHUYHUI CTAH B’ A3KO-KPUXKOTO mepexony mig miero KH 3a remnepa-
typu T.

5. CnismipsricTs BesmunrHu PM (AS) 3 6a3oBoi0 MinHicTIO G, , Bifirpae
BUpiIIaJbHY POJIb IJIf PiBHA KOHCTPYKIiMIHOI MirmHOCTH Oyp. HJ1d Ha-
KPAaIoro mIpoABy KOHCTPYKI[IMHOI MiITHOCTU MeTaJy Gyy AJIA BCiX BUIIB
KH, — Big KinmbieBoro HAAPisy A0 TOCTPOI TPIIUHN, — B YMOBaX OKPU-
xuennd mig miero KH sa xkimHatHOI Temmeparypu Ty ONITHUMAJLHUM €
cuiBBifiHOIIEHHA AS = G, 5, TOOTO b"" = 1. KpuTuuHe 3HaUeHHs 3J1aMOC-

TifikocTH AJA MexXaHiuHoro okpuxueHHd Big KH mgia Ty € cTaaoo Beu-
4MHOIO Ha piBHi b,.=0,63-0,64 nua kpuns i3 minHicTIO G, , > 800-1000



1048 I0. 1. MEUIKOB, T. IT. 3IMIHA

MIla.

6. 3a HU3BLKOTEMIEPATYPHOTO OKPUXUYEHHSA KPUIh KPUTHUUYHI 3HAYCHHS
b,. 3HaYHO BUII I 3aJieKaTh Bix piBHA b, Kpuii, Tuny KH (o) i reomer-
puuHHX posmipis tiza 3 KH (sugy HIC).

7. KpuTtruni 3HaUeHHSA 3JIaAMOCTIiMKOCTH 3a HU3LKOTEMIEepPaTyPHOTO
OKpuxueHHs KoyxkHoro Tuny KH MoxyTh OyTH HpOrHO30BaHi BiAmosiz-
HUMHJ KOPENAIiAHIMY CIIiBBiJHOIIIEHHAMHA 3 JOCTATHBLOIO IJIS iHKeHe-
pHOI npakTuKu TouHicTo (R = 0,9-0,99).

ABTOpU BUHOCATS IUPYy noaaky wi.-k. HAH Ykpaiau C. O. Korpeu-
Ky 3a ILUTigHI AuCKycii Ta 3ayBasKeHHs CTOCOBHO MaTepisariB gaHoi pobo-
TH.

Poboty BukoHaHo 3a ¢ginancosoi miarpumxu HAH Vikpainu (peect-
paniitauit Homep Temu 0121U107569).
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