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alloy after grinding of structure by
hydroextrusion
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The impact of deformation of Invar Fe—-85 %Ni alloy by hydroextrusion at room
temperature on structure and its properties was studied. Grinding of grains, the structure
fragmentation on 60 nm blocks and continuous increasing microstresses with growing ¢
within the strain range of € = 0.45—3.47 was shown. The multiple extrusion leads to a
non-monotonic change of magnetic properties of the alloy (specific magnetization and the
Curie temperature) and as a consequence to thermal expansion measured along the direc-
tion of the extrusion due to the microstresses growth and their partial relaxation. The
hypothesis concerning the microstresses induced change of a balance between ferromag-
netic and antiferromagnetic contributions to exchange interspin interaction is supposed.

Uccnemosano BausaHme nedopmanuu WHBApHOrOo ciiaBa Fe—35 Y% Ni meTomoMm ruaposk-
CTPY3WM IIPM KOMHATHOM TeMIepaType Ha CTPYKTYPy M ero CBOMCTBA M IIOKA3aHO, UTO C
pocrom crenenu gedopmanyu B guamnasone € = 0,45-3,47 npoucxoguT U3MeJIbYeHne 3epPeH U
dparmMeHTanUsg CTPYKTYPHI Ha Gia0Ku pasmepoM mo 60 HM M HEeIpepbIBHOE YBEJIUYEHUE YPOB-
HA MUKpOHanpsxKenuii. Iloxasano, 4To, m3-3a IPOIECCOB POCTA MUKPOHAIPSIKEHUU U UaC-
TUYHON MX PeJaKcalluy MHOTOKPATHOE JKCTPYAMPOBAHNE BeIeT K HEMOHOTOHHOMY W3MeEHe-
HUI0 MArHUTHBIX CBOMCTB cIilTaBa (yAeJbHON HAMArHWYEHHOCTH W Temueparypel Kiopwm) u,
KaK CJEeICTBHE, TePMUYECKOI0 PACIINPEHUS, U3MEPEHHOr'0 BOJb HAIPABICHUA SKCTPY3UHU.
BrickasbiBaeTcs ruroTesa OTHOCHTEJIbHO MEHSAOIEerocsd 3a cueT MUKPOHANpsKeHuil Gasmanca
MeXIy (eppOMATHUTHBIM U AHTH(MEPPOMATHUTHBIM BKJAJAMU B OOMEHHOE MEIKCIIMHOBOE

© 2012 — STC "Institute for Single Crystals”

B3anMOJeHCcTBIE.

1. Introduction

Application of Invar Fe—Ni alloys in con-
structions operated under conditions of
large and continuous cyclic loads is limited
due to their relatively low mechanical prop-
erties. One of the methods of their increas-
ing is the grinding of grain structure of the
alloys under cold plastic deformation. How-
ever such a treatment leads to a change of
thermal expansion coefficient a (TEC) in-
creasing it in some cases up to the wvalues
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which correspond to loss of Invar properties
although the reason of this effect was not
studied at all and the existing data are con-
tradictory and ambiguous [1].

Effect of plastic deformation on thermal
expansion of Invar was already described in
the first works on the Invar effect [1] and
the effect explained by changes of fraction
and orientation of Fe—Fe pairs relative to
strain direction as most unstable spin sys-
tems providing Invar anomaly. As shown in
[2] the plastic tensile strain of Fe—35.8-
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36.7 % Ni—0.53-0.55 % Cr-0.48-0.49 % Mn
alloy with the degree of 5-15 % leads to
reduction of TEC within the temperature
range 77-293 K that was explained as re-
sulting from destruction of short-range
atomic order FeNi or Fe;Ni.

The reduction of TEC and broadening of
the Invar temperature range (to 165°C) of
Fe—36 at% Ni alloy deformed by equal-channel
angle pressing (ECAP) with the deformation
degree of ¢ = 3.5 was explained by the forma-
tion of submicrocrystalline (SMC) structure
(100-200 nm) [3]. The authors [4] observed
non-monotonic change of o under ECAP with
growing ¢ of Invar Fe—-36.1 %Ni—0.02 %C
alloy. Taking into account the notions of [5]
the reduction of o from 0.4-1076 K1 to nega-
tive value of —0.4.1076 K~1 was explained by
destruction of microareas of short-range
atomic order by moving dislocations and
then its following growth by the structure
fragmentation along the deformation accu-
mulation and renewal of submicroareas of
short-range atomic order.

Within the existing models, the low ther-
mal expansion of f.c.c.—Fe—Ni alloys within
the temperature range below the Curie point
is conditioned by competition of two contri-
butions: (i) Gruneisen contribution and (ii)
magnetic one characterized by large volume
magnetostriction ®,,, of the order of 1073
[1]. In this connection the change of mag-
netic properties of Invar under the different
types of plastic deformation leading both to
appearance of texture and grains grinding
and their fragmentation can give addition
information about the nature of Invar
anomaly.

In [6] the relationship between decrease
of the reduced saturation magnetization 6/0
and the TEC of Invar Fe—-36 % Ni alloy was
found out after the deformation by torsion
under the hydrostatic pressure (¢ = 7) that
resulted in the structure fragmentation
(100-500 nm) with the wide and ragged
boundaries of fragments. The growth of «
of the deformed alloy and the following its
reduction with the elevating temperature to
500°C during the dilatometric measure-
ments is explained by changes of the mag-
netic characteristics caused by the forma-
tion and dissolution of the ordered FeNis
phase on non-equilibrium 10 nm grain
boundaries showing different magnetic
properties from those for Fe-Ni basis (T¢ =
611°C for FeNi;, Ty = 260°C for large-grain
unordered Fe—36 %Ni alloy [6]). However,
there are no direct confirmations of the ef-
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Fig. 1. X-ray diffraction patterns of Fe-—
35.0 %Ni alloy after homogenization at

1373 K and cooling (a); strains (b) ¢ = 2.2,

(c¢) € = 3.47 derived from the sample surface
perpendicular to HE direction.

fect of structural elements boundaries in
Invar on magnetic characteristics although
according to [7] the formed by the deforma-
tion non-equilibrium large length-scale
boundaries in SMC and nanocrystalline (NC)
pure metals Fe and Ni provide changing
their magnetic properties and thermal ex-
pansion.

One of the methods of influence on the
grain structure is hydroextrusion (HE)
which is widely used for hardening and
manufacturing of a number of metallic
products. There are no any data on the ef-
fect of HE on magnetic and Invar properties
of Fe—Ni alloys. In this connection the main
goal of this study was to reveal changes in
magnetic and Invar properties of f.c.c.—Fe—
35 %Ni alloy and their dependences on the
structure grinding resulted from cold plas-
tic deformation by HE.

2. Objects and methods of study

The standard Invar Fe—35.0 %Ni alloy
(containing 0.49 % Mn and Cu, Co, C impu-
rities as well) was studied in this work.
Cylindrical samples of 100 mm in length
and of 21 and 12.5 mm in diameter were
machined from initial work-piece for HE,
which was conducted using equipment of
0.Galkin Institute for Physics and Engi-
neering of NAS of Ukraine. The samples
before HE were annealed at 1373 K during
30 min in slag and subsequently quenched
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Fig. 2. Microstructure and grain size distribution diagrams of Fe—35.0 % Ni alloy: a) ¢ = 0 and b)
after deformation € = 2.2; c¢) average grain size <d> and the most likely their size d,, in

cross-section of the sample to HE direction vs. strain degree &€ of the alloy (<d> = Zdini/z n;,
i i

1

where d; is i-th grain size, n; is the number of grains of i-th size); d) microstructure derived from

a lateral face of the sample with € = 0.96.

in room temperature water. The work-piece
of the alloy was forced away through a die
under the liquid pressure of 1.5 GPa and in
order to collect deformation this procedure
was repeated several times using dies of
smaller diameter. Degree of total deforma-
tion was calculated using standard relation-

ship € = 2In(dy/d), where dy and d are di-
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ameters of initial and deformed sample
after the pass through die. The alloy sam-
ples studied were obtained with the degree
of total deformation & = 0.45; 0.85; 0.96;
1.16; 1.48; 2.2; 2.52; 2.9; 3.27; 3.47. The
rectangular shaped samples (length of
15 mm and cross section of 2x2 mm and
4.6x4.6) and cylindrical samples (length of

Functional materials, 19, 3, 2012
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Fig. 3. The value of TEC of Fe—-35.0 %Ni alloy vs. temperature (a) and strain € (b). o(€) curves at
the corresponding temperatures have drown after smoothing of the experimental curves a(T). T is
the Curie point, 495 K, of the alloy before deformation.

5 mm and diameters 21-4 mm) were ob-
tained for different measurements.

Structure of the alloy before and after
HE was studied by X-ray and metal-
lographic analysis. The X-ray measurements
was carried out on diffractometer "DRON-
3M" using Cog, radiation. Microstructural
images were obtained by means of "NEO-
PHOT-21" microscope with zooming of
x100—-800. Dilatometric measurements were
carried out by means of inductive quartz
dilatometer within the 135-530 K tempera-
ture range. The initial sample dimension
was determined at room temperature with
the accuracy of +0.005 mm and the accu-
racy of TEC calculation was +0.3-1076 K1
including smoothing of experimental
curves. Saturation magnetization was meas-
ured by ballistic magnetometer in constant
magnetic field of 800 kA-m~1. The measure-
ments of field dependences were carried out
at the temperatures 77 K and 293 K. The
Curie point of the alloy was determined by
measurement of temperature dependence of
magnetic susceptibility within the tempera-
ture range of 77-570 K. The magnitude of
magnetic field and frequency were 400 A-m-1
and 1 kHz correspondingly.

3. Results and discussion

The results of X-ray analysis showed
that Fe—35.0 %Ni alloy after homogeniza-
tion at 1373 K and the following rapid cool-
ing was in austenitic state (Fig. 1a) and the
phase composition after HE was not
changed within the range of plastic defor-
mation € = 0.45-3.47 (Fig. 1b,c).
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Fig. 2 shows the results of metal-
lographic analysis of the structure in cross-
section of the sample perpendicular to HE
direction (a, b) and in longitudinal-section
(d). Along with € increasing the gradual re-
finement of the alloy structure and signifi-
cant broadening of the grain boundaries is
observed. The average grain size in the
cross-section to HE direction in the investi-
gated range of values decreases monotoni-
cally with increasing strain degree: from
80—-100 pm in initial state of the sample to
2-5 um in the most deformed sample state
with € = 3.47 (Fig. 2¢).

Broad and smeared grain boundaries are
the result of accumulated stresses under de-
formation forming their non-equilibrium
state. Their relaxation leads to a fragmenta-
tion of grains into blocks as evidenced by
noticeable inner contrast (Fig. 2b) and sub-
grain structure revealed by transmission
electron microscopy (TEM) [8]. The micro-
structure of the alloy obtained from lateral
face of the sample with € = 0.96 is shown in
Fig. 2d. The grains having an average size of
200-300 um are elongated along strain direc-
tion and indicate an appearance of texture,
which is consistent with the distorted ratio of
the diffraction line intensities (Fig. 1) and
the data of TEM studies [8].

The results of dilatometric studies of the
alloy before and after HE showed a change
of the behaviour of the TEC temperature
dependence: the value of o decreases in the
temperature range 140-370 K and it
reaches negative value -0.7-1076 K at
300 K. The growth of the TEC and o(T) curve
shifting to the left on the temperature scale is
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Fig. 4. Field dependences of specific magneti-
zation 6 of Fe-35.0 %Ni alloy (at 77 K and
293 K) after homogenization at 1373 K (¢ = 0)
(a) and plastic deformation by HE: ¢ = 2.2
(b); € = 3.27 (c¢). The dotted lines indicate the
magnitude of saturation magnetization o,.

observed above 370 K including the vicinity
of the Curie temperature (495 K) (Fig. 3a).
Minimum on the deformation curve is ob-
served nearby the value ¢ = 1.48 (Fig. 3b).
It exists temperature and only at temperatures
above 400 K growth of o observed.

The reduction of TEC for Fe—35 %Ni
alloy after HE is consistent with the data of
dilatometric studies of Invar alloys after
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Fig. 5. Dependences of specific saturation
magnetization 6, of Fe—35.0 % Ni alloy on the
strain degree € at 77 K and 293 K obtained:
by a) field dependence of G; b) temperature
dependence of o, extrapolated to 293 K. The
error indicated in the graphs is 2.5 %. The
dashed curves are shown for ease of visuali-
zation. The open dot on curve is related to
the alloy after ageing at 800 K.

plastic deformation by different methods at
room and below room temperatures [2—6, 9].
For example the non-monotonic variation of
the TEC of Fe-36.1 % Ni-0, 2 % C alloy
after ECAP was found in [4] as in our case
after the HE (Fig. 8) and it was explained
as destruction of short-range atomic order
by the moving dislocations and then in fur-
ther refinement of the structure as the for-
mation of dislocation-free fragments and
restoration of the ordered state.

The atomic order has not been detected
in TEM study of Invar alloy Fe—85 %Ni in
[8]. Therefore the explanation of the TEC
changing in f.c.c. Fe-Ni Invar alloy after
deformation is necessary to search in corre-
lation with the magnetic order vary, which
determines the Invar anomaly [1] as a result
of distortion of the interatomic distances by
strain and as a consequence of the appear-
ance of elastic stresses. The simultaneous
change of TEC, saturation magnetization

Functional materials, 19, 3, 2012
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Fig. 6. Dependences of magnetization a) and the real part of magnetic susceptibility b) of
Fe—-35.0 %Ni alloy on temperature and strain degree €.

and the Curie temperature of Invar FegyNizg
alloy was revealed after mechanical alloying
as a result of selective increase of Fe-Fe
interatomic distances due to the emerging
local microstresses [9].

Field, temperature and strain depend-
ences of specific magnetization 6 and the
Curie point T were obtained to reveal the
correlation between thermal expansion and
magnetic properties of Fe—-35 %Ni alloy
after HE. Specific saturation magnetization
o, of the alloy was determined on o(H) and
o(T) dependences.

Fig. 4 shows field dependences of the
specific magnetization of the alloy Fe-
35 %Ni for € = 0 and after deformation (¢ =
2.2 and € = 3.27) taken at 77 K and 293 K.
At low degrees of HE (up to € = 0.96) the
saturation specific magnetization o, lies on
the same level within the error however
magnetization begins a gradual reduction
with growing ¢ reaching the minimum
nearby € = 1.16—2.2 and then its growth to

Functional materials, 19, 3, 2012

almost initial values (Fig. 5). Similar de-
pendence o(e) is observed at 77 K but with
the higher values of magnetization.

The obtained data on non-monotonic o(¢)
dependence is only partially consistent to
the results shown in [6], in which decrease
of the reduced saturation magnetization of
Fe—36 % Ni alloy after torsion deformation
under hydrostatic pressure was revealed.

The Curie temperature of the alloy be-
fore and after HE was determined by means
of two independent methods: on tempera-
ture dependence of magnetization and mag-
netic susceptibility of the sample. The ex-
amples of the temperature dependences o(T)
and x(T) for the samples before and after
HE are shown in Fig. 6.

The generalized data of the Curie point
of Fe—35 %Ni alloy are shown in Fig. 7. A
decrease in T of the alloy with strain de-
gree increasing for small €, then a weak rise
of the T in the range of ¢ = 1.16—2.2 and its
further reduction in the vicinity of & = 3.0
are observed. At that this tendency is ob-
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served for T values found out in the meas-
urements of saturation magnetization (Fig.
6a) and magnetic susceptibility (Fig. 6b).
The growth of T, after the strains of ¢ =
1.16—2.2 qualitatively correlates with the
observed changes in the specific magnetiza-
tion in the same ¢ range (Fig. 5).

The great attention should be drawn to
higher values of temperatures of the mag-
netic phase transition by approximately of
20-40 K obtained from the magnetization
measurements in comparison with the T,
values found on the magnetic susceptibility
data. According to [10, 11] this is due to
the effect of relatively strong external mag-
netic field (800 kA/m) at measurements of
thermomagnetic curves which greater by
several orders of a magnitude of the field
strength in the case of magnetic susceptibil-
ity measurement (400 A/m).

Taking into account the data on com-
pressibility of the Invar alloy [12], the ef-
fect of hydrostatic pressure on the T [13]
and the crystal lattice expansion with the
alloying of fece—Fe—Ni alloy with carbon [11,
14] as well as high sensitivity of the ex-
change interspin interaction in the Invar al-
loys to a distance between neighboring
atoms providing according to Weiss model
the antiferromagnetic low-spin low-volume
or ferromagnetic high-spin high-volume
state [15] it should be stated the following.
The observed decrease in the Curie tempera-
ture at small € and then the rise of T with
a simultaneous reduction of the saturation
magnetization after deformation € = 1.16—
2.2 (Fig. 5, Fig. 7) are most probably caused
not by destruction of the atomic order dur-
ing deformation or its reduction [4] but by
microstresses causing a deviation from the
equilibrium interatomic distances and by
the processes of their dynamic relaxation as
grinding grain structure. As shown in TEM
studies of Invar Fe—385 % Ni alloy the plastic
deformation by HE leads to the formation
of substructures with dimensional parame-
ters in the 50-120 nm range and above it
having particularities in fragments disori-
entation and organization of boundaries be-
tween them causing a non-monotonic change
of the elastic microstresses level [8].

The analysis results of the degree of
structure fragmentation and the level of mi-
crostresses in Invar alloys by increasing X-
ray diffraction lines broadening with in-
creasing degree of deformation are shown in
Fig. 8. The size of coherently scattering do-
mains (CSD) D and the level of microstresses
1 were determined by approximation of X-ray
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Fig. 7. Dependences of the Curie point of
Invar Fe—-85.0 %Ni alloy on the degree of
deformation, obtained on the thermomagnetic
measurements data, ¢ (I) and the measure-
ments of magnetic susceptibility ) (2). The
error shown on the dependences is 0.5 %.
The dashed curves are shown for visualiza-
tion. The filled dots indicate the values of T,
after ageing of the deformed alloy in vacuum
at 800 K.

diffraction line widths (111) (200) (311) and
(222) B! by using Williamson-Hall method.

Along with the CSD size decrease from
110 nm to 60 nm with increase of deforma-
tion degree (Fig. 8b) the increase of micros-
trains occurs with noticeable slowing-down
after the € =1.16-2.2 (Fig. 8c). The de-
crease and then weak rise of the crystal
lattice parameter of austenite ay is observed
with increase of straine degree ¢ (Fig. 8d),
which also testifies about monotonically in-
creasing compressive internal microstresses
partially relaxing at large €.

Exclusion of the contribution from
boundaries of substructural elements and
removal of internal microstresses as the
sources of the lattice distortion by ageing at
800 K of the deformed (¢ = 0.96) alloy (Fig. 8c)
has led to an increase of the Curie temperature
(Fig. 7) and the lattice parameter a, (Fig. 8d)
almost to their initial values, i.e. to properties

recovery (filled points in the figures).
Thus the peculiarities of subgrain struec-

ture of the alloy and its stressed state after
HE, which distort the equilibrium intera-
tomic distances and variate the character of
exchange interspin interactions in accord-
ance with Bethe-Slater curve, are the cause
of the non-monotonic variation of the mag-
netic properties and the thermal expansion.

Functional materials, 19, 3, 2012
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Fig. 8. X-ray diffraction line (222) taken after homogenization of Fe—-35.0 %Ni alloy at 1100°C and
subsequent HE with the strain degree €: 0.96; 2.2; 2.52; 3.27; 3.47 (a). Dependence of size of the

CSD D (b), level of microstresses n (¢) founded by Williamson-Hall method along the line series
(111) and (200) (311) (222) and the crystal lattice parameter a, (d) on the strain degree. The filled
points correspond to the alloy after annealing at 800 K.

* The half line-width P was obtained by subtraction of instrumental component determined by
Rietveld method. The diffraction patterns of lanthanum hexaboride (LaBg) were measured in order
to obtain the resolution function of diffractometer. The diffraction lines were fitted by Lorentzian

function. The angular dependence of their half line-width $(20) was found, which was approximated

by function B(26) =

4. Conclusions

The non-monotonic change of the Curie
point of Invar Fe—35.0 %Ni alloy and its
specific saturation magnetization with mini-
mum of o, at € = 1.16—2.2 with the increase
of strain degree by hydroextrusion was re-
vealed. Hydroextrusion of the alloy princi-
pally does not change its Invar properties
measured along direction of strain however
it decreases the TEC at ¢ = 1.16—-2.2 within
the temperature range 140-370 K and reduces
it up to the negative value (-0.72:1076 K)
nearby 300 K. Growth of o occurs at 400 K
and higher temperatures exhibiting dis-
tinctly at the strain degrees ¢ = 2.2-8.47.

The changes of magnetic properties and
as a consequence the TEC of Invar Fe—
35.0 % Ni alloy after hydroextrusion are
conditioned by the structure fragmentation
induced by deformation (with the CSD size
that is monotonously changed from 110 nm
to 60 nm) and by compressed and then par-
tially relaxed microstresses varying intera-
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Vutg?0 + vtgd + w, where u, v, w are the fitting parameters.

tomic distances and changing balance be-
tween ferromagnetic and antiferromagnetic
contributions into exchange interspin inter-
action.

These studies were conducted within the
budget program of G.Kurdyumov Institute
for Metal Physics of the NAS of Ukraine at
partial financial support of the projects
92/10-H and 92/11-H of purposeful com-
plex program of the fundamental investiga-

tions of NAS of Ukraine "Fundamental
problems of nanostructural systems,
nanomaterials, nanotechnologies”. The

authors express gratitude to V.P.Zalutsky
for X-ray measurements, to T.V.Efimova
for magnetic measurements.
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MaruiTHi Ta iHBapHi Baactusocti cniaaBy Fe-35% Ni
MicJsd MOJAPiIOHEHHSA CTPYKTYPHM METOIAOM TipoeKcTpy3il

B.M. Haoymos, J.JI. Bawyx, €.0. Céucmynos, B.O.
Benowenko, B.3. Cnycrkantok, O.A. JJaudenko

Hocaimxeno Buaus medopmarnii imBapaoro cmiaasy Fe—35,0 % Ni meTomom rixzpoercrpysii
npu KiMHATHIN TeMmmeparypi Ha CTPYKTypy 1 #ioro BiaacTuBOCTi i moOKasaHO, IO i3 3pocTaH-
HAM cryneHno gedopmanii y mianasomi € = 0,45-3,47 BinOyBaerTbca IoApiOGHEeHHA 3epeH,
dparmeHTalid CTPYKTYpU Ha OJM0KKM poaMmipom go 60 HM i OesmepepsBHe 30ijibllleHHSA PiBHA
MiKpoHanpy:KeHb. [loKasano, mo GaraTopasoBe eKCTPYAYBAHHS Belde Uepes IIPOLECU POCTY
MiKpoHAIpPyKeHb i 4acTKOBY IX pejakcalliro A0 HEMOHOTOHHOI 3MiHM MarsiTHUX BJIACTHUBOC-
Teil cmuaaBy (mnuromoi mHamarmiuemocti i remmeparypu Kropi) i, ax macaigzok, Tepmiumoro
POBLINPEHHSI, BUMIPAHOIO B3IOBXK HANPAMKY eKcTpysii. Buciosiamerbca rimoresa Iomo
MiHJIMBOrO 3a pPaxyHOK MiKPOHAIIPYXeHb OajaHcy MixK (epomarmiTHum i amrudepomaruir-
HUM BKJAQJaMU B OOMiHHY MiKCIIiHOBY B3aemomiro.
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