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The effect of uniform high-pressure (HP) treatment on change of the internal
structure hierarchy of polycrystalline Invar f.c.c. Fe—35.0% Ni alloy in
quenched state and after hydroextrusion (HE) is studied. As shown, the
treatment of the quenched alloy by pressure of 2 GPa is accompanied by the
relief formation on the cross-section surface that is caused by reorientation of
available grains and by a change of grain-boundaries’ state. The increase of
density of twins of deformation and the saturation of structural elements by
vacancies and dislocations promoting the grain-boundary slipping is revealed.
The HP processing of the previously HE treated samples of the Invar alloy
(6=0.96 and 1.12) is not accompanied by notable distinctions in the struc-
tures’ hierarchy with the exception of both the decrease of texture and the
increase of twins’ density that is caused by partial stress relaxation.

Hocaigsxeno BauB 00pobaeHHs Bcebiunum Tuckom (BT) Ha 3MiHy CTPYKTYpPHOI
iepapxii mosixkpucramiumoro imBapuoro crony I'TK-Fe—35,0% Ni B sarapToBa-
HOMY CTaHi, a TaKOXK micya o6pobaenHs rigzpoekcrpysieio (I'E). ITokasamo, m1o
o6pobyenna TuckoMm y 2 I'lla cromy B 3arapToBaHOMY CTaHi CYIIPOBOIKYETHCS
GopMyBaHHSAM Ha IIOBEPXHAX ILIida penbedy, 110 00yMOBIEHO IepeopieHTAIli-
€10 B IIPOCTOPi 3epeH i 3MiHOI0 cTaHy X MeK. BusBjaeHo 36iJMbIIIeHHS I'YyCTUHHT
IBifiHVKIB medopmarii i HacMueHHA CTPYKTYPHUX eJIeMEHTiB BaKaHCiAMU Ta
OUCJIOKAIisAMU, AKi CIPUAIOTH 36 DPHOMEIKOBOMY IPOKOB3yBaHHIO. OOpOOIeHHA
BT momepennbpo medopMoOBaHMX TiApPOEKCTPY3i€i0 3pasKiB iHBApHOTO CTOIY
(€=0,96 i 1,12) He cymIPOBOMKYETHCSA MMOMITHUMH BiAMiHHOCTAMM B iepapxii
CTPYKTYPH, 34 BUHATKOM 3MEHIIIeHHA TeKCTYpPHU i 30LIbIIIeHHS I'YyCTUHU ABiii-
HUKIiB, II[0 € Pe3yJILTATOM UYaCTKOBOI pejiaKcallii MiKpoHAIpYKeHb.

HccnenoBano BausaHNEe 00pab0TKU BcecTOPOHHUM aaBieHueM (BIl) Ha usmeHe-
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HUE CTPYKTYPHON MepapXuu HOJIMKPUCTAInYecKoro naBapuoro cmiasa I'TIK-
Fe—35,0% Ni B 3akaJIEHHOM COCTOSHUM, a TaKiKe Iocje 00paboTKU TUAPOIKC-
tpysueit (I'9). Ilokazamo, uro obpaborka masienueMm B 2 I'Ila cniaBa B 3aka-
JIEHHOM COCTOSTHUU COIIPOBOXKJaeTcs (opMUPOBAHMEM HA MOBEPXHOCTAX IILJIU-
¢oB penbeda, 00yCIOBICHHOTO IIePEOPUEHTAIlel B IIPOCTPAHCTBE 36PEH U MU3-
MeHeHMHeM COCTOAHUA uxX rpanuil. O0Hapy:KeHO yBeJInYeHNne IIJIOTHOCTH IBOM-
HUKOB AedopMaIuy U HAaCHII[eHNe CTPYKTYPHBIX 9JI€MEHTOB BaKAHCUSIMU U
IUCTOKAIUSAMIU, CIOCOOCTBYIOIMMH 3€PHOTPAHUYHOMY IMIPOCKATb3BIBAHUIO.
O6pabotka BJIl mpeaBapuTeabHO 00pabOTaHHBIX TUAPOIKCTPY3ueil 00pasioB
uHBapHoro cmaasa (¢ = 0,96 u 1,12) He cOTPOBOKTAETCA 3aMETHBEIMU Pa3JIUUN-
SIMU B M€PAPXUU CTPYKTYPHI, 3a UCKJIIOUEHNEM YMEHbBIIIeHU TeKCTYPhI U yBe-
JIMYEHUs IJIOTHOCTH JBOMHUKOB, SABJISIOIINXCS PE3yJIbTATOM UYaCTUUHOI pe-
JaKcaluy MUKPOHAIPAKEHUH.

Key words: high-pressure treatment, invar alloy, microstructure, stress con-
centrators, microhardness.
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1. INTRODUCTION

The Invar f.c.c. alloys based on Fe—(29-36)% Ni with a low thermal
expansion coefficient (TEC) of the order of 1.2-10°K™ in relatively
wide temperature range are used as a precision material in the produc-
tion of highly precise instruments with the thermally stable parame-
ters.

To increase the structural stability state and properties, such prod-
ucts are subjected to various influences: ageing, annealing, defor-
mation, including the applied high pressure (HP). The HP treatment is
one of the most effective methods for impact on the structural state of
alloys. However, its effect on the structure and properties of Invar al-
loys was not enough studied although the main notions of the HP in-
fluence are set out both in theoretical and experimental studies [1-13].
Their analysis reveals the following. Theoreticians considering the
problem from the spherical deformation tensor point to the necessity
to consider the type and properties of crystal lattices of the processed
materials and the changes in their elastic modulus [1-6]. In so doing,
attention is paid to peculiarities of the existing structural defects be-
haviour as well as the generation, interaction and the spatial distribu-
tion of new ones both under the HP processing and when combining it
with various scheme of cold plastic deformation[5, 7—11].

It was revealed in experimenters that the HP treatment can have a
plasticizing effect on metals and their alloys by suppressing the for-
mation and development of cracks [1, 2, 12]. In addition, under the
strain, it contributes to easier formation of cellular (grains) structures
with the different dispersion and the degree of crystallographic disori-
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entation between adjacent elements in both single crystals [5] and pol-
yerystalline states of metals with f.c.c.[13] and b.c.c. [14] lattices.

Currently, there are no works, which study the peculiarities and
regularities of the behaviour of metals and alloys under the HP treat-
ment and consider the processes occurring in them in terms of modern
concepts about stress concentrators [15, 16]. They are always available
in real metallic materials and responsible for peculiarities of the plas-
tic deformation development through changing the value of strains
occurred in their tops and determine the conditions of generation (ab-
sorption) of defects by corresponding relaxation mechanisms: the va-
cancy mechanism, dislocation one or brittle cracks formation mecha-
nism. In so doing, if for high-symmetry crystal systems of single-
crystal lattices states the spherical deformation tensor can be condi-
tionally implemented (excluding the impact of technological concen-
trators) for the anisotropic material (the isotropic state, A = 1), in pol-
ycrystalline samples the presence of the grain-form structural hierar-
chy and their boundaries, on the strength of specific character of their
properties manifestation at the boundary slipping under external forc-
es, create unattainable conditions for uniform hydrostatic pressure at
the initial stage of HP processing [17—19].

Thus, the aim of this study is to investigate the effect of HP treat-
ment on change of the hierarchy of the internal structure of polycrys-
talline Invar f.c.c. Fe—35.0% Ni—0.49% Mn alloy in the hardened
state and after pre-treatment with hydroextrusion in the context of
modern conceptions about the features of participation of currently
known mechanisms of stress relaxation in the tops of always present
concentrators in polycrystalline materials and real metal products.

2. MATERIAL AND STUDY METHODS

The industrial Invar alloy of the chemical composition Fe—35.0% Ni,
0.07% Cu, 0.03% Co, 0.49% Mn, 0.03% C (wt.%) (GOST 10994-74;
hereafter, Fe—35.0% Ni) with the f.c.c. crystal lattice is studied. The
cylindrical shaped samples with the 21 mm in diameter and 100 mm in
length were annealed in vacuum at 1373 K for 30 min and subsequent-
ly quenched in oil at room temperature. The rectangular shaped plates
of 200 um in thickness were in the initial quenched state as one part of
the samples. Another annealed part was deformed by hydroextrusion
(HE) that implies in bursting out a sample from a closed container
through a die under the fluid pressure of 1.5 GPa as described in [20].
The standard expressione = 2Ind,/d was used to determine the strain
degree of 0.96 and 1.62, where d, and d are the sample diameters be-
fore and after HE. The procedure was repeated with 2 and 4 passes us-
ing a smaller die diameter for the strain accumulation.

Each sample was finally HP processed in a working chamber under
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Fig. 1. The scheme of the sample 4 location under the HP processing in work-
ing chamber 2: 1 is the plug, 3 is the sample holder, 5 is the rubber pad. Liquid
is industrial mineral oil.

the 2 GPa for 3 min in accordance with the scheme in Fig. 1. The rele-
vant pressure level was reached by the periodically switching of press
pump with the loading and unloading rate of 0.1 GPa-s™. The reduc-
tion of pressure to atmospheric one was carried out for 20 sec. There
are no reasons to assume that hydrostatic loading conditions were pro-
vided due to peculiarities of a sample shape and its location in the
chamber and because the solidification of the working liquid (mineral
oil) at high pressure was possible. Therefore, hereafter, the case in
point is the high pressure (HP) instead of hydrostatic pressure in the
text.

The flat sample covered by the 100 um rubber film was maintained
in holder 3 between two plastic plates in order to fix it in the same posi-
tion and to provide close treatment conditions. One surface of a sample
before HP processing was chemically polished to remove a cold worked
layer and to subsequent study of probable structural changes.

The X-ray diffraction, metallography, transmission electron mi-
croscopy and durometry were used to study structure and properties of
the alloy before and after the HP treatment. The X-ray DRON-3M dif-
fractometer with the CoK, radiation, the optical ‘NEOPHOT-32’ and
electron ‘JEM-2000FX’ microscopes were used. The distribution of the
average diameters of structure elements were estimated by the com-
puter technology. The diffraction patterns were taken as a rule from
the entire area of an image. The finish treatment of foils for electron
microscopy was the electropolishing in teflon holder in the electrolyte
containing the 75 g of chromic anhydride, the 130 ml of glacial acetic
acid, the 20 ml of water at the 90 V of power and the current of 0.5-1.5
A. Microhardness was measured by PMT-3 under the 50 g loading ac-
cording to the requirements of GOST [21].
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3. RESULTS AND DISCUSSION

Trying to revealed high-angle grain boundaries in metallographic
analysis, the effect of grains displacement relative to each other that is
accompanied by appropriate relief on a polycrystalline sample surface
after the HP treatment of hardened state was found out (Fig. 2). The
analysis of the images derived from a sample surface indicates that as
its centre is approached (the diagonals intersection point), the relief
and the grain boundaries appearance gradually weakens, but does not
entirely disappear.

The parallel stripes inside individual grains in areas of the strongest
relief exhibition (Fig. 2, a, indicated by dotted arrow) as well as the
banding effect nearby the straight boundaries (Fig. 2, a, b, indicated
by solid arrows) are observed rather frequently. This effect does not
take place before HP treatment. Its appearance may be connected ei-
ther with the changes in the position (width) of boundaries during the
HP processing or with the twinning effect.

The appearance of the relief is apparently caused by both a deviation
from conditions of the spherical deformation tensor, the effect of pos-
sible plastic deformation, which are associated with the shape of a
sample, some differences of the pressure level in hardened worked liq-
uid and the different relaxation processes at the grain-boundary slid-
ing, in the interior volumes of grains, caused by the generation of va-
cancies and dislocations.

The results of comparison of the average grain diameters in initial
state of the Fe—35.0% Ni alloy and after the HP treatment are present-
ed in Fig. 3. Their analysis shows little changes in distribution of
grains on average diameters indicating a decrease of more dispersive
fraction with weak reduction in the distribution height due to increas-

Fig. 2. The grain structure relief on polished surface of the quenched Fe—
35.0% Ni alloy after the HP processing (2 GPa).
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Fig. 3. Distribution of the average grain dimensions in the Fe—35.0% Ni alloy
in initial hardened state (a) and after HP processing (b).
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Fig. 4. The cross section microstructures of the Fe—35.0% Ni alloy after ho-
mogenization at 1100°C and subsequent quenching (a), the HP processing of
initial quenched (b) and extruded with the compressions of €¢=0.96 (¢) and
1.62 (d) samples.

ing the probability of the larger grains appearance.
The density of the planar formations on the etched surfaces of the
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cross sections after the HP treatment of the initial and hydroextruded
samples was evaluated by means of standard metallographic technique
(Fig. 4).

The analysis of the images shows that except growing etching of
high-angle boundaries after the HP, influence of the frequency of
meetings of the formations extended along the boundaries grows relat-
ing to initial and pre-strain states at common grinding of structural
elements of the extruded samples.

The behaviour of the size of structural elements revealed in the Fe—
35.0% Ni alloy by etching, which are formed under the above men-
tioned treatments was evaluated as well (Fig. 6).

The analysis of the obtained data shows insignificant increase (up to
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Fig. 5. The distribution of density p, of the fine structural formations (twins),
which are collinear to the grain boundaries vs. the degree ¢ of the HE defor-
mation (o) and the subsequent HP treatment with 2 GPa (u).
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Fig. 6. The average size (d) of structural elements in the Fe—35.0% Ni alloy vs.
the HE strain degree of € =0.96 and 1.62 (1) and after subsequent HP treat-
ment (2).
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16%) of the most probable average size of structural elements of the
alloy after the HP treatment as compared to the quenched state,
whereas the HP treatment of the extruded sample (¢ =1.62) is accom-
panied by the reverse effect (18%), indicating a reduction in mean di-
ameter of the revealing structural elements at elevated etching suscep-
tibility of their boundaries. The d value after the HE to € = 0.96 coin-
cides with this one after the subsequent HP processing.

The results of the TEM studies of the HP treated samples are pre-
sented in Fig. 7. The distinctive features of annealed sample of the al-
loy after the HP processing are observed. The grain boundaries and the
boundary zones, particularly at triple junctions, (Fig. 7, b) are the sat-
urated ones by the crystal structure defects including linear ones (dis-
locations) of high density (approximately 5-10° cm™?) indicated by solid
arrows (Fig. 7, a, b), which alternate with the twins of deformation in-
dicated by dashed arrow with the slightly expressed cross sliding (Fig.
7, a). All features of the structures presented in Fig. 2, Fig. 4, and Fig.

e

Fig.7. Structure in cross-section of the Fe—35.0% Ni alloy after the HP
treatment of initial quenched (a, b) and extruded sample with the degree of
deformation of €=0.96 (¢) and 1.62 (g, j). The dark field image (d, f, i) ob-
tained from the areas presented on microstructures (c, g) in the reflexes indi-
cated on electron diffraction patterns (e, ) by arrows, respectively.
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Fig.7 (continued).
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Fig. 8. The lattice parameter a of the Fe—35.0% Ni alloy vs. degree of defor-
mation ¢ by HE [20] (o) and the subsequent HP processing (o).

7 show the development of several relaxation mechanisms of the occur-
ring field stresses in a polycrystalline sample at the HP treatment: the
grain-boundary sliding at vacancy and dislocation saturation as well as
twinning.

As shown by X-ray diffraction studies, the HP treatment of initially
quenched state is accompanied by the detecting of the residual com-
pressive stresses as evidenced by decrease of the lattice parameter with
respect to that for a quenched sample (Fig. 8). The TEM study results
of samples pre-treated by HE and the subsequent HP treatment are
shown in Fig. 7, ¢—j. One indicates that HP treatment with 2 GPa does
not lead to significant changes in organization of the substructures
and their dimensional parameters as compared to pure extruded state
on retention of extremely high saturation of near-boundary zones of
the individual grains with the defects of crystal structures of 10'?
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cm 2. By peculiarities of their location in a sample with respect to the
extrusion direction, they are obviously the most active participants in
the slipping process, which is going on with the formation of hydrody-
namic state (Fig. 7, g). This state results from high transience HE de-
formation that demonstrates equiaxial structural elements including
the most dispersed ones with the 10-40 nm in diameters (Fig. 7, j) at
presence of system of thin elements (40 nm in thick) extending along
boundaries remaining the deformation twins indicated by arrows in
Fig. 7, g. The denoted structural changes are accompanied by recovery
to the initial values of the alloy lattice parameter after the HP treat-
ment with the increasing degree of the preliminary HE deformation
(Fig. 8).

The comparison of the obtained TEM results that concerns studies of
the extruded and then the HP treated samples with the results in [20]
on structure analysis of the HE states has shown that the HP pro-
cessing does not lead to any significant changes in organization of sub-
structures and their dimensional parameters on retention of high den-
sity of defects up to 102 cm™. A distinctive feature is only the increase
in density of twins of different thicknesses with respect to those in the
extruded state. The absolute majority of high-angle boundaries of the
initial sample are transformed into states shown in Fig. 7, g, i, j point-
ing to the presence of a wider range of the dimensional parameters of
structural elements both the equiaxed (more dispersed) and the larger
ones, which extended in various directions and consist of smaller ones.
The obtained results are in good agreement with the available litera-
ture data [22, 23], which point to the monotonic hardening in the grain
boundary zones of pure iron at the pressure treatment up to 50 GPa af-
ter which the softening is observed. This is accompanied within the
range of 5—15 GPa by nonmonotonic variation of density of disloca-
tions and of their distribution.

The last one was not confirmed on the Invar alloy after the HP
treatment of a pre-extruded samples, in which the pressure effect on
the level of structural changes associated only with the increasing den-
sity of twins is accompanied by decreasing microhardness (Fig. 9) at
more rapid increasing the crystal lattice parameter with the strain de-
gree (Fig. 8, the curve HE + HP). The microhardness of the Invar sam-
ple after the quenching and reinforcing hydrostatic compression at 2
GPa increases in average by 200 MPa. At the same time, some decrease
of microhardness of the HP treated pre-deformed samples is observed
that is followed by growing scatter of its values relatively to those for
the HE states (Fig. 9). The last one is possibly caused by changes in the
stress state in the HE pre-deformed samples resulting from the HP
treatment due to additional participation of twinning mechanism in its
relaxation.

The analysis of the X-ray diffraction data indicates that the HP pro-
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Fig. 9. The change of microhardness (H) of the Fe—35.0% Ni alloy after the
different degrees of plastic deformation (¢) by HE (o) and the subsequent HP
treatment (o).

cessing of initial state is accompanied by decreasing the ratio of inte-
gral intensities of the diffraction lines J,yy/J1;; from 0.56 to 0.12 (Fig.
10, a, b) (for reference the ratio is 0.35). It points to the fact that the
HP treatment of the annealed and subsequently quenched sample is ac-
companied by residual (inelastic) phenomena.

The significant increase in the integral X-ray diffraction line (111)
intensity and the reduction of the J,y,/J;;; ratio to 0.16 was revealed
on the HE treated sample for both strain degrees of 0.96 and 1.62. The
example for ¢ =0.96 is shown in Fig. 10, c. The intensity of the (311)
line is significantly reduced and the (220) line completely disappears
that indicates appearance of the crystallographic texture, which was
also detected after the HE of the Invar alloy by TEM and X-ray diffrac-
tion techniques [20].

After the HP treatment of the extruded sample, the (111) line inten-
sity decreases at € =0.96 and increases at ¢ =1.62. In this case, the
(220) line was not revealed as well (Fig. 10, d). The ratio Jyyy/J;1; in-
creases to0 0.29 for e = 0.96, and it was not considerably changed (0.16)
for e =1.62, remaining abnormally low in comparison to the value for
reference and indicating the texture in the alloy.

Thus, the obtained data show that the HP treatment of Invar Fe—
35.0% Ni alloy changes its structure, however the degree of impact is
determined by its prehistory either annealing at high temperature or
plastic deformation by HE. In particular, unlike the results of [24], the
treatment of the Invar Fe—35.0% Ni alloy by HP with 2 GPa does not
completely remove texture formed by HE, giving rise an appearance of
twin formations in both cases. The observed difference is apparently
caused by a significantly higher level of pressure in [24] (up to 12
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Fig. 10. The diffraction patterns of the Fe—35.0% Ni alloy after annealing
(1100°C) (a) and subsequent processing by HP (b), after HE with £ =0.96 (c)
and subsequent HP treatment (¢ = 0.96) (d).

GPa), which probably leads to dissociation of high-angle boundaries of
the corresponding elements of texture.

Non-monotonic behaviour of the lattice parameter vs. the degree of
deformation (¢) by HE [20] as well as the recovery stage induced by the
HP treatment accompanying with the dramatic increase of the lattice
parameter a (Fig. 8) point to a possible phasic nature of the change of
material volume, which is consistent with the concepts of [25]. Consid-
ering the situation in the context of present of stress concentrators,
which always present in metallic materials [26], we divide them on two
types upon the contribution to the volume changing. The subtraction
concentrators are conventionally related to the first one, the number
of which is denoted as K, . Their presence is accompanied by a decrease
of the real volume of a sample material. As a rule, they are voids of var-
ious shapes and origin, the vacancies or their clusters. We refer to the
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second type the interstitial stress concentrators ( K, ) associated with
the particles of different origins the phases as well as the atoms of one
sort or another one in the crystal lattice of the alloy.

The linear character of volume change of the NaCl and Sb single
crystals at the HP treatment within the pressure range up to the 9 GPa
was established in [27] experimentally and by calculation. Since the
type and the number of concentrators as well as their behaviour in the
elevating pressure conditions may be considerably different, one can
expect the features on the pressure dependence of AV and the rate of
the pressure change, which should be exhibited as the step changes
with varying extension and slope of portions not only in mono- but in
polycrystalline states.

The non-monotonic change in volume AV, of a sample depending on
the pressure P and its derivative dP/dt, the elastic change of the lat-
tice parameter da/dP , the defects density at the stress concentrator
top p can occur in polycrystalline materials at overlapping of several
processes in the condition of the elevating HP pressure. This can be
written in functional expression:

(1)

AV, = f(KT,KC,p,P, ap d“j,

dt’dp

where K;= K, +K, uK,= K, +K/ are the numbers of the technologi-

cal and the structural subtraction and interstitial stress concentrators,
caused by the presence of boundaries. The latter ones play the role of
stress concentrators in polycrystals [17—19] and lead to the fragmenta-
tion of a macroscopic stress field in a sample into components, the
growth and relaxation of which, as well as the change of their sign at
all levels of the structural hierarchy can provide a non-monotonic be-
haviour of the volume.

Thus, the results of this work and their discussion as well as the
available literature data allow us to assume that the behaviour of the
sample volume of the Invar Fe—35.0% Ni alloy in the polycrystalline
state on the pressure should be phasic one. In this case, the extension
and the slope of each stage will be determined by the amount and the
patterns of behaviour at the recombination of both existing and arising
defects in conditions of changing magnitude and sign of the stresses
level in the top of existing and arising stress concentrators, depending
on their type and behaviour at HP. The HP, as it increases, should
cause a transition from subtraction concentrators, which are healed in
a sample, to the interstitial stress concentrators with the increasing
their number. This should lead to an increase in tensile residual stress-
es after the pressure removal, which is observed on the strain depend-
ence of the lattice parameter of the Fe—Ni austenite (Fig. 8). The rea-
sons for the considered possible volume change of the Invar Fe—Ni al-
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loy may be the subject of further studies.

4. CONCLUSIONS

1. The HP (2 GPa) treatment of the quenched polycrystalline Invar Fe—
35.0% Ni alloy results in the relaxation of the elastic field stresses by
appearance of twins of deformation and accumulation of the plastic
deformation carriers on grain boundaries and pre-boundary zones.

2. The effect of HP is accompanied by the increase of fraction of large
grains and the formation of the relief on a sample cross section surface
resulting from reorientation of available grains by facilitation of their
boundary slipping. It is the result of distinctive changes of grain
boundaries states and the pre-boundary zones via their saturation by
plastic deformation carriers, including dislocations of high density
(approximately 5-10° cm™2) and the twins of deformation.

3. The HP (2 GPa) treatment of the previously HE treated samples of
the Invar Fe—35.0% Ni alloy with the degree of deformation ¢=0.96
and 1.62 is not accompanied by notable differences in the organization
of the structures hierarchy with the exception of decrease of texture
induced by HE and of increase of twins density that results from par-
tial relaxation of the elastic stresses.

4. The HP treatment of the HE treated alloy slightly decreases micro-
hardness resulting from recovery process, however remaining it on the
relatively high level as compared to the quenched state.
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