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It is known that at higher temperatures in
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Relaxation of mechanical stress occurring in Cd-Ni diffusion zone was studied by
metallographic methods. Brittle relaxation of tensile stress was revealed in Cd,;Nig inter-
metallic phase growing in the diffusion zone. Evaluation of this stress made by the
geometry of macroscopic cracks in the intermetallic phase showed values being by a factor
1.2 lower than stress values calculated by volume defect related with the intermetallic
phase formation. As plastic deformation within the intermetallic phase is excluded,
whereas brittle relaxation begins at the Cd,,Niz—Ni boundary, it was concluded that in-
duced in Ni compressive stress relaxed by plastic deformation mechanism to the level of Ni
elastic limit.
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MerangorpaduyecKUMU METOLAMU KCCJIELOBAH IIPOLECC PEIaKCAlMM MEeXaHUUYEeCKHMX HAa-
MPSKEHnil, BOSHUKAIMUX B Auddysuonuoii some cucreMbl Cd-Ni. ITokasamno, uTo mMmeer
MEeCTO XPYNKasa PeJaKCAlllsa PACTATHBAIONIUX HANPKeHNN B pacTyiieM B Au(Py3UOHHOI
sone unTepmerayauge Cdy Nis. I[To reomeTpun MaKpPOCKOIMYECKWX TPEITUH B MHTEPMeTaJIIH-
yecKo#l (pase crenama olleHKA BEJUUYNHLI 3TUX HANPAMKEHUN, KoTopad oKasajach B 1,2 pasa
HIKe BeJIUUNHBI HATIPAMKEHNHN, BLIUMCAEHHBIX M0 AedeKTy o0heMa, CBA3AHHOTO ¢ (DOPMUPO-
BAHMEM HHTepMeTalauga. IIoCKOJLKY IJIacTUudYecKas peJaKcallds BHYTPU MHTEPMETAJJINIa
HCKJIOUEeHA, 8 XPYNKafd pellaKcalus HanpsxeHuii HaumHaerca Ha rpammne Cd,Nig—Ni, cxe-
JIaH BBIBOJ O TOM, YTO MMEJ MeCTO cOPOC CHXMMAIOIIMX MHAYIUPOBAHHBIX Haupsasenuil B Ni
MEeXaHU3MOM IIaCTHUEeCKON medopMalluu 10 YPOBHS IIpefesa yupyroctu matepuaina Ni.

Penakcalnisi HanpyskeHb, 0 BUHUKAOTHh y nudy3iiiniii 3oui npu dopmyBanni intep-
meraniny y cucremi Cd—Ni. B.B.Bozdanos, B.I.Kononenro, M.A.Bonociok, A.B.Borociok.

MeranorpadgivaumMuy MeTrogaMu TOCILIMKEHO IIPOIeC pesaKcallil MexaHiuHMX HaIpy:KeHb, II0
BUHUKAIOTL B Audysiiiniit somi cucremu Cd—Ni. Ilokasamo, mo Mae Miclle KpUXKa peJaKcallis
PO3TATYIOUNX Hampy:keHb B inTepmeramigi Cd,;Nis, mo spocrae B mudysiitmiit somi. 3a reo-
MeTpPi€l0 MaKpOCKOMIUHMUX TPiluH B inTepmeTtaseniit (asi 3pobseHo OIiHKY BEIUUYMHM TMX HA-
IPYsKeHb, AKa BUABMJACA B 1,2 pasu HMIKUEIO 32 BEJIUUNHY HATIPYKeHb, 00UMCIeHnX 3a JAedek-
TOM 00’€My, 110 TIOB’s3aHUiT 3 (POPMyBaHHAM iHTepMeTasiqy. OCKINBKY TIaCTHUHA pejlaKcallia B
cepefivHi iHTepMeTaJlily BUKJIOUEHa, & KPUXKa pPeslaKcallis Hampy:KeHb MOUMHAETLCA Ha MeKi
Cd,Nig—Ni, spobieHo BHCHOBOK PO Te, IO Ma€ Miclle CKMIAHHA CTHCKAIOUMX IHIYKOBAHUX
Hanpy:xenb B Ni mexanismom maacruumol gedopmarnil go piBHA rpauuni npy:uocTi marepianxy Ni.

1. Introduction these are often accompanied by plastic de-
formation [1], diffusion [2, 3], and other
transport phenomena [4] resulting in redis-

macroscopically inhomogeneous crystalline tribution of substance and internal stress,
media, various relaxation processes take place; change of dislocation structure, generation
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of pores and cracks, recrystallization, etc.
To understand regularities of physical proc-
esses in complex systems, consistent analysis
of rather simplified models is necessary
which may be useful to construct the complex
process under study.

One of the model conceptions is the prob-
lem on interdiffusion of two substances A
and B with strongly different atomic sizes
which are in diffusion contact by a flat
boundary in the case where not solid solu-
tions but ordered compounds of A,B, type
(m and n are integers) are formed. Such
compounds occurring between two metals in
the diffusion contact are named intermetal-
lic phases.

Because generally a A,B, compound has
a crystalline structure different from both
A and B structures, their specific volumes
in A and B lattices are different from these
in the A,B, lattice. It is the main reason
for appearing stress both in the intermetal-
lic phase bulk and in neighboring areas of
initial A and B components.

The deformation caused by the volume
jump can be free realized only in the OX
direction (Fig. 1), whereas in YZ plane it is
hampered by mechanical adhesion between
the intermetallic phase and initial compo-
nents at interfaces; thus near interphase
boundaries, shearing stress oyy; would act
which sign and distribution depend on the
ratio of specific volumes of atoms in each of
contacting phases.

In Fig. 2, stress distribution near a
A-A,B, interphase boundary is shown for
the case where Vp > V; (V5 and Vy are spe-
cific volumes of an A atom in A lattice and
in intermetallic phase lattice, respectively).
Near the interphase boundary, stress attain
maximum values, and their sign changes
abruptly from positive (compressive) to
negative (tensile) in going from A phase to
A,B, intermetallic one.

Evaluation of the maximum stress occur-
ring in the intermetallic phase near the
A-A,B, interface can be made using a sim-
ple relation:

AV
N (1)

max VA ’

where G is elastic modulus of an intermetal-
lic phase, and AVA1 =Vi— Va.

If the stress level exceeds the elastic
modulus of A or A,B, material, excess

stress will relax by the mechanism of plas-
tic deformation [4, 5]. Relaxation processes
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Fig. 1. Schematic representation of the sample
where the reaction of A, B, intermetallic phase
formation takes place as a result of interdiffu-
sion between A and B substances brought in the
diffusion contact by a flat interface.
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Fig. 2. Scheme of stress distribution near
A-A,,B, interface.

result in decreasing the stress level near
interfaces down to elastic limit o, (Fig. 3).
As the stresses on both sides of the inter-
face are opposite by sign, so, compensate
each other, the steady state stress levels on
the both sides are equal by absolute value
and are determined by 6, of the phase with
lower elastic limit.

Plasticity of a crystal is specified mainly
by mobility and density of present disloca-
tions. Necessity to retain a regular configu-
ration in atomic arrangement decreases sig-
nificantly the dislocation mobility and, con-
sequently, reduces the ability to plastic
relaxation of elastic energy in them. There-
fore, tensile stress in intermetallic phases is
able to relax by crack formation [6, 7]. In
this way of stress relaxation we can evalu-
ate them by arrangement and width of
formed cracks.

As it is known, stress relaxation due to
crack formation is realized in the area with
a characteristic linear size close to the crack
size [8]. Therefore, relaxation of tensile
stress occurring, for example, in a layer of
ApB, intermetallic phase (Fig. 1) near a flat
interface A-A,B, (Fig. 3) may take place
due to formation of a row of cracks (parallel
to each other and perpendicular to the plane
of the interface) which are distanced by [
being of the order of crack length (Fig. 4).
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Fig. 3. Damping of excess stress by mecha-
nism of plastic deformation.

In assumption that the brittle fracture of
an intermetallic phase with formation of
cracks with Al width (Fig. 4) is the only
mechanism of relaxing the stress (1) caused
by the relative deformation AV/V, the de-
formation in the direction of crack opening
(in our -case, along Y axis) will be
Al/l1=1/3AV/V,. Then the value of stress oc-
curring in the intermetallic phase can be
expressed as

Gmax = 3G (2)

2. Relaxation processes in Cd-Ni
diffusion zone

A rather convenient object for experi-
mental studying the processes of brittle re-
laxation of tensile stress occurring in an
intermetallic phase growing in the diffusion
zone is Cd—Ni system which diffusion prop-
erties are well investigated [9, 10].

According to the equilibrium diagram
[11], solubility in solid state is practically
absent in Cd-Ni system. As a result inter-
diffusion between Cd and Ni plates contact-
ing by a flat boundary, a layer of Cd,qNig
intermetallic phase appears and grows; it
has a cubic structure with unit cell parame-
ter a; = 9.7563 A. The unit cell includes 52
atoms: 42 atoms of Cd and 10 atoms of Ni.
The volume of the unit cell is V| = a;3.

Cd has a hexagonal close-packed lattice with
parameters a = 2.9851 A and ¢ = 5.6206 A.
The unit cell is a body-centered right-angle
prism with height ¢ and rhomb base with
side a. The volume of the unit cell is V4 =
ca?V3/2. The unit cell contains 2 atoms. Ni
face centered cubic lattice has the parame-
ter ap; = 3.524 A. The volume of the unit
cell consisting of 4 atoms is Vy; = a3y;.
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Fig. 4. Scheme of brittle relaxation of tensile
stress in the A, B, layer.

The reaction of formation of a single
CdyqNig unit cell can be written as:

or as

21Cd unit cells + 2.5Ni unit cells -
— 1 Cdy4Nig unit cell.

Therefore the relative deformation ac-
companying the formation of the intermet-
allic phase is:

Vi—(@21-Veg+2.5-Vy)

AV/Vy =
0 21y + 2.5 - Vi

=-0.09.

Taking the elastic modulus of the inter-
metallic phase as G = 5-1010N-m~2, we ob-
tain the evaluation of tensile stress corre-
sponding to this deformation:

AV

Vo

3
Opax ~ G ~45.100N w2 O

The process of stress brittle relaxation
was studied by metallographic methods.
Two-layer Cd-Ni samples were prepared:
plane-parallel plates cut from cadmium and
nickel bars were grinded and polished. Then
the plates were brought in contact by their
polished surfaces and annealed isothermally
at T = 280°C during about 10 h in the at-
mosphere of flowing hydrogen. After an-
nealing, the sample was treated by metal-
lographic polishing in the direction perpen-
dicular to Cd—Ni contact plane. Structure of
the intermetallic phase layer formed be-
tween Cd and Ni plates was studied by a
metallographic microscope. A typical mi-
crograph of this layer is shown in Fig. 5.
Using an ocular micrometer, an average
width Al of cracks formed in the intermetal-
lic layer and a characteristic distance [ be-
tween the cracks were measured.

Functional materials, 24, 4, 2017
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Fig. 5. Micrograph of a Cd-Ni sample after
annealing at 280°C for 10 h.

3. Results and discussion

Experimental values Cexp of stress (which
relaxation resulting in crack formation)
were evaluated by Eq. (2):

Oexp = 36# =~ 38.75- 109N - m™2.

As it is seen, the level of experimentally
measured stress acting in the intermetallic
layer is by a factor 1.2 lower than the value
obtained from Eq. (3) calculated by the rela-
tive deformation accompanying the forma-
tion of the compound. This fact, evidently,
indicates their partial relaxation by the
mechanism of plastic deformation. Because
the action of this mechanism is excluded in
the intermetallic layer, we have to assume
that the stress rapid damping took place in
the materials of initial components.

The shape and distribution of cracks in
the intermetallic phase (Fig. 5) show that
stress attains its maximum absolute value
near the Ni—Cd,(Nig interface. Hence, the
stress plastic relaxation occurred in Ni; and
the stress level calculated by the crack ge-
ometry in the intermetallic layer corre-
sponds to the Ni elastic limit.

In [12, 18] intended to studying the in-
fluence of stress in the diffusion zone on
the interdiffusion kinetics, the possibility
of compressive stress plastic relaxation in
Cd material during Cdy¢Nig layer growth. It
was shown that the plastic relaxation results
in lowering the stress down to 107 N/m?2 (Cd
elastic limit) at the Cdy(Nis-Cd boundary
and changes significantly the Cd structure.
Because no cracks occur in Cdy(Nig on the
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Cd side, the Cd elastic limit, evidently, does
not exceed the Cd, Nig ultimate strength.

4. Conclusions

Tensile stress occurring within the
Cd,¢Nig layer formed in interdiffusion proc-
ess in Cd—Ni system exceeds the compound
ultimate strength and relaxes by the mecha-
nism of crack opening. Comparative estima-
tion of the stress value by the geometry of
cracks and by the volume jump accompanying
the compound formation shows that before
opening the cracks in the intermetallic phase,
partial relief stress takes place as a result of
plastic deformation in initial materials.

As the plastic relaxation inside the inter-
metallic phase is excluded, whereas the
stress brittle relaxation begins at the
Cdy1Nig—Ni interface, the conclusion is made
that the damping of induced compressive
stress in Ni took place down to the Ni elastic
limit by the mechanism of plastic deformation.

Evidently, the stress plastic relaxation
occurred also in Cd material which elastic
limit is lower than the intermetallic phase
ultimate strength.
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