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the regularities of formation of the grain structure of metastable iron–nickel al­
loys formed in conditions of high temperature gradients during the melt hardening 
(spinning) and its effect on the characteristics of martensitic transformations (Mt) 
in local areas of thin ribbons are reviewed and studied. A comparison of the texture 
of the austenitic and martensitic phases on different sides of thin ribbons is car­
ried out. the consequences of influence of relaxation processes in hardening of thin 
ribbons on regularities of formation of the grain structure are investigated. the 
proposed x­ray method of measuring the amount of martensite allows solving the 
problem of measuring the amount of martensite in the local areas of textured alloys. 
As established, the completeness of Mt is different for the contact and free sides 
of the ribbon. the main factors, which determine the heterogeneous distribution of 
the martensitic phase in the local areas of the ribbon, are analysed. the size effects 
at MP, residual stresses, and changes in the chemical composition of the austenitic 
phase on the distribution of the martensitic phase in local sections of the ribbon 
are analysed. the influence of size effect on the direct γ–α­ and reverse α–γ­Mt in 
thin ribbons is studied. the role of ultradispersed component of austenitic grains 
in the stabilization of austenite of rapidly quenched alloys with cyclic γ–α–γ Mt  
is revealed.
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1. introduction

one of the actual trends of contemporary materials science is the devel­
opment of metallic materials with specific properties by means of ultra­
rapid quenching of the melt (spinning). due to cooling at a rate of 
(106–108) K/s in such materials a specific structural­and­phase state is 
formed, macro­ and micro­inhomogeneities appear, phase components 
are crumbled, and the region of mutual solubility of chemical elements 
is significantly expanded. this specifies the formation of a new set of 
physical and mechanical and exploitation properties of rapidly quenched 
alloy (RQA) at issue [1–4]. thereby, intensive research and development 
of high­dispersed metallic materials has been carried out for the last  
20 years.

the main factor affecting the changes in the properties of rapidly 
quenched materials is the grain size of the phase components. the met­
al materials of ultra­dispersed (grain size 100–1000 nm) and nanocrys­
talline (grain size 20–100 nm) structure obtained by quenching from 
melt [5–8]. there is impossible to obtain such fine grain by traditional 
methods of thermal treatment. the rapidly quenched materials can be 
considered as qualitatively new perspective materials of next genera­
tion. there are can be used as constructional, instrumental and func­
tional materials. the alloy has an increased strength, hardness, low 
heating conductivity, high coefficient of grain­border diffusion, im­
proved magnetic characteristics. the further progress in the field of 
development of the RQAs connected with purposeful management of 
their nonequilibrium crystallization and structural­and­phase transfor­
mations processes in solid state [9–12].

Additional possibilities to control the structure formation of thin­
ribbon materials of ferric metastable alloys arise during the martensitic 
transformations (Mt), which realized in a process of super­fast crystal­
lization of melt or during the next cooling and action of external fac­
tors. there is a certain prospect for creation the new materials based on 
the rapidly quenched Fe–Ni alloys, when there are direct and reverse 
Mt at the cooling and subsequent heating. Controlled Mt in thin­ribbon 
materials can be used to strengthen, provide the shape memory effect, 
improve magnetic (hysteresis) properties, control the temperature ex­
pansion coefficient, and some other characteristics of alloys [13–18]. 
the formation of nanostructures in such materials can be ensured by 
refining the austenitic and martensitic phases to nanoscale size due to 
the reverse transformation.

however, the powerful factor of Mt for the formation of a new 
complex of properties of the metastable alloys can be used only if we 
study the features of such transformations in thin­ribbon materials ob­
tained in sharply nonequilibrium conditions of super­fast cooling.
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this article reviews the works in the G.V. Kurdyumov Institute for 
Metal Physics of the N.A.S. of Ukraine (IMP NASU) to study the fea­
tures of Mt and formation regularities of structural–phase state in the 
local areas of thin ribbons of metastable iron–nickel alloys, rapidly 
quenched from melt.

2. Materials and Methods

the alloys were selected in such way that the processes of formation of 
fine grains and the formation of martensite took place in stages: first, 
a rapidly hardened structure of the initial γ­phase was formed, and then 
at temperatures below room the Mt was realized. Ribbons obtained from 
iron–nickel melts of alloy 1 (31.4 wt.% Ni and 0.03 wt.% С) and alloy 
2 (28 wt.% Ni, 2.1 wt.% ti, 2 wt.% Al, and 0.05 wt.% С) were used as 
objects of the study. they were obtained in a carbon dioxide atmosphere 
at a cooling rate 105–106 K/s. the alloy 1 ribbon was of 30 µm thick and 
8 mm wide, and the alloy 2 ribbon was of 18 µm and 5 mm, respectively. 
Continuous ribbons were obtained by spinning of a 100 g of melt by 
casting its flat jet on the outer surface of a massive copper disk rotating 
at a speed of 4000 rpm [19]. At room temperature, the ribbons were in 
an austenitic state. direct transformation was realized by cooling in 
liquid nitrogen, and the reverse one was realized through heating in a 
salt bath with a temperature 450–500 °С. the ribbons were obtained in 
the IMP NASU.

Laser processing (LP) was performed at the Quant­18M equipment 
(pulsed solid­state laser on neodymium glass active elements, radia ­ 
tion wavelength — 1.06 µm, pulse duration — 8 ms, impulse power — 
8–20 j/mm2). the source of energy was controlled by calorimetric mea­
surements of ICt­1h. the surface of the samples was treated with single 
pulses with a follow­up period of one second with mutual overlap of la­
ser spots by 30–40%. LP was carried out in the mode of laser heating 
in the γ­region 0.1–0.45 j/mm2, pre­melting 0.5–0.7 j/mm2 and melt­
ing 0.8–2.0 j/mm2. In the melting regime (mode), a welding nozzle was 
used. For uniformity of the laser heating, the coordinate table with mi­
crometric giving was used.

the x­ray method was used to determine the crystal lattice param­
eters, as well as to determine the amount of γ­ and α­phases. the accu­
racy of determining the amount of martensite was 3–5%, the accuracy 
of measuring the lattice parameters — 10−4 nm. X­ray studies were per­
formed on a dRoN­3 diffractometer using a graphite monochromator in 
iron and cobalt radiation.

Residual stress measurements were performed by non­destructive 
x­ray method “sin2ψ”. the method is based on the measurement of the 
elastic deformation of the crystal lattice [20]
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 ε = (d – d0)/d, (1)

where ε is an elastic deformation; d0, d are the interplanar distances for 
unstrained and deformed lattices, respectively.

the residual stresses relate to the elastic deformation through the 
hooke’s law
 ε = – σ µ/Ε, (2)

where Ε is a modulus of normal elasticity, and µ is the Poisson’s coef­
ficient.

to determine σ, it is required two measurements of deformation: 
one of them in the direction ψ normal to the surface — εψ, and the sec­
ond one — at an angle of ψ0 to the surface of the sample — ε0. the 
stresses are calculated as [20]

 0

2 2
0(1 ) sin sin

ψε − εΕ
σ =

+ µ ψ − ψ
, (3)

the accuracy of stress measurement can be significantly improved by 
measuring the deformation for several values and making a linear gra­
phical dependence of the interplanar distance d = f (sin2ψ) using the least 
squares method. From the obtained graph, the values of d1 and d2 and 
the corresponding angles of inclination ψ1 and ψ2 are determined. In 
Ref. [20], the expression for calculating the stress value is obtained:

 2 1
2 2
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d d

d

−Ε
σ =

+ µ ψ − ψ
. (4)

to eliminate the need to measure the unstressed sample, practically 
take d0, equal to the value in the direction normal to the surface. the 
error from such replacement does not exceed 0.1%.

For practical use, it is convenient to translate this formula to the 
value of angles 2. to do this, we differentiate the Wolf–Bragg equation. 
then, at λ = const, we obtain:

 2d cos Θ ⋅ ∆Θ + 2∆ d sin Θ = 0, (5)
from which
 ∆d/d = –∆Θ ctg Θ (6)
or
 (d2 – d1)/d0 = – ctg Θψ1

(Θψ2
 – Θψ1

), (7)

where Θψ is the value of the angle Θ that corresponds to the incline ψ. 
taking into account Eqs. (5)–(7), we can write (4) as

 1 2
1 2 2

2 1

ctg
1 sin sin

ψ ψ
ψ

Θ − ΘΕ
σ = Θ

+ µ ψ − ψ
, (8)

Correlation (Θ1 − Θ2)/(sin
2ψ2 − sin2ψ1) is the coefficient, which char­

acterizes the angle of inclination of the curve of d = f (sin2ψ) to the ab­
scissa, and accordingly the sign and nature of internal stresses.
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Measurements were performed on the reflexes of each phase compo­
nent, with sequential rotation of the sample at angles of 10°, 15°, 20°, 
25°, and 30°, counting from the normal position.

A differential magnetometer assembled based on the BU­3 unit was 
used to measure the critical temperature points of the direct and reverse 
Mt. the principle of magnetometer operation is a different orientation 
in the magnetic field of samples with paramagnetic (γ­phase) and fer­
romagnetic (α­phase) properties. the magnetometer consists of a power­
ful electromagnet, which provided the saturation field of 6000–7000 oe. 
Between the poles of the electromagnet was a movable holder with fixed 
in it at an angle (70­80)° etalon (armco­iron) and investigated samples. 
depending on the ratio of γ­ and α­phases, the samples orient the holder 
in a magnetic field with an intermediate angle between the values, which 
it occupies in the case of using fully austenitic and fully ferritic sam­
ples. A mirror illuminated by a laser beam was fixed on the axis of the 
handle. the values of the angles were measured via the reflected beam 
on a pre­graduated linear scale. the accuracy of measuring the amount 
of martensitic phase was 0.3%.

the microstructure was analysed on a transmission electron micro­
scope jEM­200CX and optical microscopes MIM­7, NeoPhot at a magni­
fication from 100 to 1400. the grain size was determined with an ac­
curacy of 0.1 µm. the microstructure of Fe–Ni alloys was detected by 
electrolytic etching in an electrolyte of (glycerol — 10%, perchloric 
acid — 20%, ethyl alcohol — 70%) at a voltage of 3 V. For better wet­
ting of the samples, a small amount of surfactant was added in etchants. 
Various detergents were used as such substance. the etching time was 
selected experimentally depending on the contrast of the structure.

Metallographic investigations of the free and contact surfaces of the 
ribbons were made at low magnification without prior mechanical refin­
ing and etching, the same investigations at high magnifications after 
refining and etching, as well as oblique, longitudinal and transverse sec­
tions etched in a similar mode. In order to investigate the microstruc­
ture of the cross section the 4–7 glued ribbons of 2–3 cm long were 
filled with epoxy resin, after which they were ground with a fine abra­
sive and polished using chromium oxide powder. Electrolytic etching of 
such samples was performed in a solution of perchloric acid in the mode: 
voltage — 10 V, holding time — 10 s.

the distribution of Ni on the surface of the ribbon was determined 
on a scanning electron microscope jM6490LV using an x­ray spectral 
probe with a diameter of 1 µm and a penetration depth of 1 µm.

Measurement of the microhardness of the ribbon obtained by quench­
ing from the melt was performed on the device PMt­3. A diamond pyra­
mid with an angle between the faces of 136° was used as an indenter. 
Microhardness measurements were performed under an indenter load 
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from 25 g to 65 g. to obtain the correct results in different series of 
measurements, the load time (5 s) and exposure time under load (10 s) 
were permanent. the calculations of the microhardness HV and the 
depth of the imprint h were performed according to the following for­
mulas:

 
2

2 s in ( /2)p
HV

c

α
= , 

2ctg( /2)

c
h =

α
; (9)

here, p is the load on indenter, с is the length of the diagonal of the 
imprint, and a is the angle at the top of the indenter pyramid.

When measuring the microhardness of thin ribbons and surface lay­
ers, there is a limitation, which is that the depth of penetration of the 
diamond pyramid should be no more than 0.1 of the thickness of tested 
sample. For this reason, before measuring of the microhardness, the 
value of the critical penetration depth of the diamond pyramid was cal­
culated (this was calculated for the smallest value of the ribbon thick­
ness). Since the data on measuring the thickness of the ribbon indicated 
its significant heterogeneity, when measuring the microhardness of 
RQAs, the calcu lations were performed to measure the penetration depth 
of the diamond pyramid and in the case of penetration of the indenter 
to a depth more critical, the obtained microhardness value was consid­
ered incorrect.

3. Austenitic Phase Local grain Structure of RQAs

Metallographic studies revealed significant heterogeneity of the macro­ 
and microstructure of the ribbon [21–23]. the alloy 1 ribbon was char­
acterized on both sides by roughness, the difference in the structure of 
the side sections (periphery) of the ribbon from its central part, the 
presence of gas cavities (GC) on the contact side and the presence of 
inflows and grooves on the free surface. these features of the macro­
structure were related to the technology of the spinning process and are 
dependent mainly on the speed of the surface of the cooling disk and its 
quality. As noted in Ref. [24], increasing the speed of rotation of the 
disk led to a significant increase in the puddle of melt. this increased 
the area of actual contact of the ribbon with the disk, which in turn led 
to an increase in the heat transfer coefficient.

the free surface of the ribbon had a significant relief and consisted 
mainly of protrusions and depressions. the formation of protrusions on 
the surface of the ribbon was associated with the emergence of GC, 
when the solidification of the liquid melt occurred without contact with 
the surface of the cooling disk. Quenching of the melt in the area of 
depressions occurred directly on the surface of the disk. on the contact 
side, the individual areas with lines inherited from the surface of the 
disk were observed. Such areas in [24] are considered as areas of actual 
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contact (AAC) of the melt with the disk. the area of AAC was approxi­
mately 30% of the total surface area of the ribbon. Confirmation of the 
fact of contact of the melt with the surface of the disk were the ex­
pressed lines and other features on the surface of the ribbon, which re­
peated the characteristic details of the relief of the imperfect surface of 
the disk. Features of the microstructure of AAC were transmitted 
through the entire cross section of the ribbon and therefore manifested 
both on the contact and on the free surfaces.

Areas of macrostructure with roun ded inclusions were observed on 
the free surface. there were cavities around the inclusions. the inclu­
sions were located within a non­AAC surface. the size of such inclu­
sions averaged from 39 to 72 µm.

the internal structure of the “inclusions” can be determined by 
analysing the results of metallographic studies of the structure of rib­
bon after electrolytic etching. When focusing directly on the inclusion 
revealed the following features. the relief of the part of surface where 
the inclusions are located was very uneven and was as humps and cavi­
ties. the inhomogeneity of the grain structure can be traced on the 
oblique section of the ribbon, where differences in grain size and shape 
in local areas could be the result of the formation of humps and cavities 
on the free surface.

Based on the results of the analysis of images of the ribbon sections 
on the ledge and in the cavity, a histogram of the size distribution of 
austenitic grains was made [21] (Fig. 1).

the size of the original grain of austenite in the alloy 1 ribbons was 
mainly in the range 1.0–3.5 µm, and alloy 2 — in the range 0.5–2.0 µm. 
Ultrafine grains in the area of the protrusion were not observed under 
an optical microscope.

the above analysis applies to grains larger than 0.5 μm. Smaller 
grains were not detected in the optical microscope due to the physical 
limitation associated with the wavelength of the optical range. Appar­
ently, a certain proportion of ultrafine grains was formed in the zone 

Fig. 1. histogram of the distribu­
tion of average grain size in the 
area of the protrusion (a) and in 
the cavity (b) of the alloy 1 ribbon 
[21]
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close to the zone of contact of the jet 
with the surface of the disk.

Most grains had an equilibrium sha­
pe in all local areas of the ribbon. Ave­
raging grain sizes (according to se ve­
ral dozen images, were measured the 
size of more than 500 grains for each 
local section of the ribbon) made it 
possible to build the histograms of the 
distribution of grains by size in the lo­
cal areas of the ribbon [23] (Fig. 2). 
Image­Pro Plus (Media Cybernetics, Inc.) 
software was used to build the histo­
gram of the grain size distribution.

As can be seen from Fig. 2, due to 
a significant difference in the cooling 
rate of the near­surface layers and the 
volume of the ribbon, the size of the 

equilibrium grains was differed significantly. For example, on the free 
side, the predominant amount (about 50%) are grains with a size of 3 
to 5 µm, and on the contact side — 1–3 µm. Intermediate grains were 
observed in the volume (oblique section) of the ribbon. this different 
grain size distribution can be explained by different conditions and 
crystallization temperatures of the free contact side and the volume of 
the ribbon.

due to the gradual heating of the disk surface in the ribbon mate­
rial, relaxation processes developed, which resulted in almost complete 
absence of residual stresses in the ribbon, which were measured by the 
x­ray method sin2ψ. Internal stresses were absent at the beginning of 
the ribbon formation. this meant that during the solidification process 
there was a low­temperature (up to a quarter of melting temperature, 
0.25Tm), and as the disk heated — medium­temperature recrystalliza­
tion (up to (0.25–0.5) Tm) [20].

on both surfaces and in a volume a certain number of three­grain 
joints with angles between the boundaries close to 120° were showed. 
Analysis of the evolution of triple intergrain joints during the forma­
tion of the ribbon allow to conclude about the development of recrystal­
lization processes as a result of gradual heating of the cooler disk by 
liquid melt [23]. At the initial stage of ribbon formation (cold disk), the 
angles between the sides of the triple joints differed from 120° by 2–4°, 
and as the disk heated, this difference decreased, and at the end of the 
ribbon (warm disk) the angles differed by no more than two degrees. In 
parallel with this process, the number of triple joints increased, as well 
as the number of adjacent such joints increased. the successive manifes­

Fig. 2. the same as in the previous 
figure, but in the local areas [23]
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tation of these stages of formation of the grain structure, which con­
tained triple joints of grains, testified to the gradual development of 
the recrystallization process during the formation of the ribbon due to 
the heating of the disk.

Electron microscopic studies of the alloys 1 and alloy 2 ribbons pro­
vided additional information regarding their microstructure [22, 23]. 
the size of the austenitic grain of the alloy 2 was 0.5–2 µm. the devel­
oped cellular structure with the sizes of cells 0.15–0.5 µm was observed 
in the grains. the initial grain size of the austenite of ribbon was larg­
er and its magnitude was 1–3.5 µm. these data confirm the results of 
studies obtained by optical microscopy.

the density of dislocations in martensitic crystals was in the range 
of 1012 cm−2. Austenite grains with a diameter of more than 1 µm in the 
vast majority were transformed almost completely into martensite. In 
grains with a diameter of less than 1 µm, Mt was inhibited, and the 
amount of residual austenite increased with decreasing of a grain size.

the size and number of martensitic crystals decreased monotoni­
cally with decreasing of grain size. A noticeable decrease in the com­
pleteness of the transformation was observed already on grains with a 
diameter less than 1 µm. In grains with a diameter of 0.7 µm and less, 
the Mt under conditions of deep cooling to the temperature of liquid 
nitrogen was not realized. Needle morphology of martensite in the stud­
ied range of austenitic grain sizes 0.8–4 µm did not change.

In Ref. [25], to explain the size effect of Mt in thin ribbons of Fe–
Ni alloys obtained by melt quenching, it was used the concept of the 
critical average size of austenitic grain, in which the γ–α­transformation 
was completely inhibited. our experiments did not confirm this; in al­
most all grains below a certain size (0.6–0.7 µm), the transformation 
did not occur. the general regularity was that the completeness of the 
Mt decreased with decreasing of austenitic grain size. As noted in Ref. 
[25], Mt was observed in smaller grains, and larger grains were not 
transformed. this contradiction can be explained if we take into ac­
count that the structural state (density of dislocations, the presence of 
fragments with small angular subboundaries, internal stresses) differed 
significantly for different grains, especially in the range of sizes that 
are close to critical. just the structural state of austenitic grains, fa­
vourable for the growth of the nucleus of the martensitic phase, could 
determine the experimental fact of the Mt in smaller grains. the au­
thors of Ref. [26] also previously concluded that the concept of critical 
average austenitic grain size, introduced in Ref. [25], is devoid of phys­
ical interpretation.

one of the manifestations of the heterogeneity of the ribbon’s mac­
rostructure was the formation of a specific mesh of perforation during 
the ribbons were rolled in rolls. At the first stage of rolling austenitic 
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grains are seen right along the rolling without breaking down the rib­
bon. At a farther, around the great grains, it was observed two regions 
of perforations. In a case of more equilibrium grains, a larger number 
of breaks were observed. At any grain size configuration, perforation 
always occurred along the grain boundaries. the formation of cracks 
was observed in the vast majority of cases in places of hollows, where 
the heterogeneity of the microstructure accumulated. the ribbon was 
torn in the weakest places (hollows, cavities).

When large grains were deformed, cracks and holes were formed 
mainly in one rolling direction, and when smaller grains were deformed, 
holes were formed chaotically. Analysis of the nature of microstructure 
of the areas where cracks occurred showed that in the process of rolling 
the ribbon with a thickness of 40 µm to a thickness of 20–15 µm cracks 
mainly occurred on the borders of the Gh and zFC. Subsequently, at a 
thickness of 12–5 µm, the cracks were elongated in the rolling direc­
tion, and the perforated ribbon took the form of a grid. the formation 
of such grid became possible under the condition of significantly diffe­
rent plasticity of the local sections of the ribbon. It should be noted 
that, in the process of rolling the ribbon to a thickness of 3–5 µm, it 
remained in the austenitic state.

Microstructural studies indicated the fact of significant heterogene­
ity and relief of the free and contact side. In this regard, the thickness 
of the ribbon was measured in width and length. the thickness was av­
eraged by the results of 10–20 measurements lengthwise the line along 
the ribbon.

Measurement with a mechanical thickness gauge (accuracy — 1 µm) 
showed that the ribbon is inhomogeneous in thickness [27]. the differ­
ence in thickness at the edges and in the middle of the ribbon reached 
8–10 µm (edge effect). this difference was observed along the entire 
length of the ribbon. the values of the thickness of ribbon at its end 
were smaller by 2–3 µm compared to the beginning. Such changes in 
thickness can be explained by the peculiarities of spraying and spread­
ing of the jet on the disk with different temperatures. the graph of the 
change in thickness of the rapidly hardened ribbon of alloy 1 is pre­
sented in Fig. 3.

Fig. 3. the thickness, d, vs. the width, h, 
of alloy 1 ribbon, where 1 and 2 denote 
the cold and warm cooling disk, respec­
tively [27]
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the edge effect and the significant difference in thickness of the 
ribbon across the width, apparently, were the result of splashing the 
flow of melt on the surface of the disk, similar to the release of liquid 
from the centre of the drop that fell on a hard surface. this factor was 
more pronounced at the end of the period of ribbon formation, when the 
disk cooler was noticeably heated [28].

the inhomogeneous size distribution of austenitic grains in the lo­
cal regions of the ribbons was appeared in the value of microhardness. 
In the study of the microhardness of alloy 1 ribbon, it was observed a 
significant discrepancy of its values for different regions of the ribbon. 
When measured at the beginning of the ribbon in the initial γ­state, it 
was found that the average value of microhardness on the contact side 
is 126 kg/mm2, and on the free side of the ribbon — 98 kg/mm2. the 

Fig. 4. ESR X­ray diffraction data (CrKα radiation) of the alloy 1 
ribbon free surface for the beginning (a, c) and end (b, d) of the 
ribbon in the austenitic (a, b) and two­phase α+γ (b, d) states [21]
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reason for the different microhardness on the free and contact side of 
the ribbon is due to the different grain size on them. on the contact 
side, the grain size was smaller than on the free side, so the microhard­
ness of the fine­grained structure was higher.

When measuring the microhardness, depending on the width of the 
ribbon, an edge effect was observed: on the periphery of the ribbon, the 
microhardness was higher compared to its central part by 50–60 kg/
mm2 for the contact surface and 20–25 kg/mm2 for the free surface. 
this difference was much smaller for both sides at the end of the ribbon 
(up to 10 kg/mm2). deviations of the value of microhardness from the 
average value clearly corresponded to the change in the value of auste­
nitic grains.

Analysis of diffraction patterns from different local regions of the 
alloy 1 ribbon showed high texturing of the austenite structure on the 
free surface (Fig. 4). on the contact surface (Fig. 5), the ratio of the 

Fig. 5. the same as in the previous figure, but for the contact 
surface [21]
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intensity of austenitic reflexes I200/I111 along the ribbon varied from 0.8 
to 0.7, and for the free surface — from 4.5 to 5.8.

the austenitic phase on the free surface of the ribbon was formed 
with a growth texture of (100)γ, characteristic of the f.c.c. structure. on 
the contact surface, this texture was much less pronounced. the degree 
of texturing markedly varied in width and length of the ribbon in ac­
cordance with the change in cooling rate during the crystallization of 
the ribbon. this difference in texture characteristics was determined by 
the higher cooling rate on the free surface and on the periphery of the 
ribbon.

the difference in texture on different sides of the ribbon was deter­
mined by the different cooling rate during its formation. the change in 
the nature of the texture along the length of the ribbon was associated 
with the beginning of the recrystallization process as we approached the 
end of the ribbon. the number of crystallites oriented in the plane (100) 
increased in the direction of the end of the ribbon on the free surface. 
the texture of austenite caused the texture of the next Mt — the ratio 
of the intensity of martensitic reflexes differed significantly in the lo­
cal areas of the ribbon (Figs. 4, b, d and 5, b, d). this difference in 
texture characteristics was determined by the higher cooling rate on the 
contact surface and on the periphery of the ribbon.

Fig. 7. the integral intensity for the free 
side of the alloy 1 ribbon (beginning of 
the ribbon) vs. the angle of inclination, α, 
relative to the Bragg position (for each 
reflex): 1 — (111)K (2Θ = 33.97°); 2 — 
(200)K (2Θ = 39.95°); 3 — (220)K (2Θ = 
= 64.98°); 4 — (311)K (2Θ = 74.95°) [27]

Fig. 6. the relative intensity I(200)/I(111) of austenitic reflexes on the contact (a) and 
free (b) surfaces of the alloy 1 ribbon in the γ­state (beginning of the ribbon) vs. the 
angle α of the sample inclination to the Bragg position: 1 — І(200)/І(111); 2 —  
І(220)/І(111) [21]
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the presence of a texture of varying degrees on the contact and free 
surfaces can lead to a gradual change in the volume of the ribbon (inter­
nal texture). to test this assumption, x­rays of the ribbon surface were 
performed at different inclinations of the x­ray beam. the change in the 
relative intensity of diffraction reflexes (Fig. 6) indicated a continuous 
change in the degree of texture along the depth of the ribbon. the in­
tensity of each of the austenitic reflexes varied according to certain 
regularities (Fig. 7).

4. Martensite transformation Characteristics of RQAs 

As shown in the previous section, the structural state of the ribbons 
obtained from RQAs was sharply inhomogeneous and differed signifi­
cantly in local regions. Accordingly, the completeness of the direct Mt 
(amount of martensitic phase) in the local regions of the ribbon was 
determined mainly by the volume fraction of the initial austenite with 
an ultrafine or nanocrystalline structure in which the transformation 
was inhibited partially or completely.

In the austenitic state at room temperature, the alloy 2 was paramag­
netic and the alloy 1 was ferromagnetic. this made it possible to compare 
the magnetization σ of austenite of the alloy 1 ribbon with the magne­
tization of austenite of a bulk sample of the same alloy. the value of σ 
for ribbon austenite at room temperature was much smaller (49 A⋅m2/
kg) than the same value of the bulk sample (82 A⋅m2/kg).

during the cooling to the temperature of liquid nitrogen in the rib­
bon and in the bulk sample of the alloy 1, a direct martensitic γ­α­
transformation took place, as a result of which the magnetization of the 
bulk sample and the ribbon in the α­state increased to 168 A⋅m2/kg and 
112 A⋅m2/kg, respectively (Fig. 8). Magnetometric curves in Fig. 8 char­
acterize the completeness of the direct and reverse transformation. the 
Curie temperature, found by the temperature dependence of the satura­
tion magnetization, decreased from 195°C for a bulk alloy to 165 °C for 
a ribbon. According to the literature data, the Curie point for the bulk 
alloy 1 is 190 °C, and the curves of the corresponding dependences have 
the usual shape for such systems [29].

the temperature Ts for the output ribbon, compared with the bulk 
sample, shifted towards lower temperatures by 30 °C and was 65 °C. the 
temperatures of the beginning, Tb, and the end, Te, of the reverse Mt 
for the alloy 1 ribbon also shifted towards lower temperatures by 35 °C 
and amounted of 300 and 380 °C, respectively.

In the alloy 2 ribbon, similar changes in the characteristics of Mt 
were observed in comparison with the bulk alloy: the temperature of Ts 
decreased by 30 °С, and the amount of martensitic phase decreased by 
20%. the Curie point for the ribbon was 150 °C at a value for a bulk 
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alloy of 305 °C. Similar to 
the alloy 1 ribbon, after the 
γ–α–γ­α transformation, 
the magnetization of the 
alloy 2 ribbon decreased 
by 48 A ⋅ m2/kg compared 
to the bulk sample.

Magnetometric measu rements showed that in the ribbon took place a 
quite intense Mt. these results were related to the average situation by 
the volume of the ribbon, because the different amounts of martensite 
were formed on the cross section and on different surfaces of ribbon. It 
is possible to measure more precisely the quantity of martensite in local 
areas of a ribbon only by an x­ray method. however, due to the signifi­
cant texturing of the ribbon structure, the exact determination of the 
amount of martensitic phase by x­ray method was impossible.

therefore, a method for determining the amount of martensitic 
phase in textured iron­based alloys has been proposed [30]. According to 
the proposed method, in contrast to other known methods, the inte­
grated intensity of reflexes was measured only from those crystallo­
graphic planes of austenite and martensite that are parallel according to 
the crystallographic orientation relations between the crystal lattices of 
both phases. In the Fe­based alloys, different relations are realized:

 (111)γ || (011)α,

 [101
–
] γ || [11

–
1] α; 

(10)

 (111)γ || (011)α,

 [2
–
11] γ || [011] α; 

(11)

 (111)γ || (011)α,

 [5
–
,12,17] γ || [7,1

–
7
–
,17] α. 

(12)

the Kurdyumov–Sachs ratio (10) was obtained for the Fe–C system, 
and the Nishiyama (11) and Greninger–troyano ratios (12) were ob­
tained for Fe–Ni alloys with different nickel contents [1, 31]. For all 
types of relations, the same planes remain parallel, and the difference 
is only in parallel directions. this meant that the proposed method 
fully applies to alloys with different types of ratios.

Fig. 8. temperature (T) de­
pendent magnetiza­tion (σ) of 
bulk alloy 1 (a) and alloy 1 rib­
bon (b) [29]
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For the martensitic γ–ε transformation, the planes (111)γ of austen­
ite and (0001)ε of martensite are parallel:

 (111)γ || (0001)ε,

 [101
–
] γ || [21

–
1
–
0] ε. 

(13)

the idea of the method was to measure the intensity of x­ray dif­
fraction reflexes from parallel planes of austenite and martensite, which 
does not change with different orientation (texture) of crystallites in 
the alloy due to the independence of the Mt mechanism from the tex­
ture. the intensity of any other planes changes in accordance with the 
orientation (texture) of the crystallites, causing a significant decrease 
in the accuracy of the phase analysis (up to 30–50% or more). Compared 
with other methods, the proposed method is more accurate for textured 
alloys, since the amount of martensitic phase in different austenite 
crystallites does not depend on their orientation.

the method was carried out as follows. A flat sample of the alloy 
was mounted on a goniometer of the dRoN­3 x­ray diffractometer, the 
sample was irradiated with a beam of characteristic x­rays, the diffrac­
tion pattern was recorded, and the integral intensity of diffraction x­
ray reflexes for austenitic and martensitic phases was measured. deter­
mination of the amount of martensitic phase was performed by the 
formula [32]:

 ( )

( ) ( )

100hkl

hkl hkl

I
М

P I P I P
α

α γα α γ

=
+

, (14)

where І is the integral intensity of diffraction x­ray reflexes of auste­
nitic and martensitic planes, which are parallel, Pγ і Pα are the recurrence 
factors of these crystallographic planes of austenite and martensite.

this method was used to determine the amount of martensite for 
the ribbon of RQA 1 (Fig. 4) on the free surface of which the texture 
was observed. Another example of the texture under laser melting is 
shown in Fig. 9. For these cases, according to the orientation ratio, the 
planes (111)γ of austenite and (011)α of martensite are parallel. trans­
forming formula (13) for this case, taking into account the relevant 
recurrence factors, we obtain the following formula:

 (011)

(011) (111)

100

12 12 8
A

I
М

I I
α

α

=
+

. (15)

this method can also measure the amount of martensitic phase for 
the case of γ–ε transformation, e.g., for iron–manganese textured alloy 
(Fig. 10). In this case, according to other orientation relations, the 
planes (111) and (0001) ε will be parallel. taking into account the recur­
rence factors for these planes, we obtain the following formula:
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(0001)

(0001) (111)

100

2 2 8
A

I
М

I I
ε

ε

=
+

. (16)

the problem of measuring the amount of martensite in the local 
regions of textured alloys has been also solved due to this method.

the proposed method for determining the amount of martensitic phase 
in metastable alloys with γ–α and γ–ε martensitic transformations can be 

Fig. 10. X­ray diffraction pattern (FeKα radiation) depending 
on the number of ε­cycles for a bulk Fe–18 wt.% Mn–2 wt.% Si 
alloy, where 1 — initial state, 2 and 3 — after one and ten 
ε­transformation cycles [30]

Fig. 9. X­ray diffraction pattern (FeKα radiation) of a bulk al­
loy 2 after the laser melting (a) and subsequent cooling in the 
liquid nitrogen (b) [30]
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fully used to determine the number of other phases in materials with pha­
se transformations of different types. For instance, with transformations 
of diffusion nature, for which the orientational relations between the ini­
tial and final crystal lattices are fulfilled: separation of carbide or nit­
ride phases by decomposition of supersaturated solid carbon and nitrogen 
solutions, formation of oxides for oxidation of metals and alloys, etc.

Magnetometric and x­ray studies showed that the ribbons under 
cooling in liquid nitrogen was quite intense Mt. Martensite with a bcc 
lattice with parameter of 0.2872 nm was formed in the alloy 1 ribbon. 
the martensite in the alloy 2 ribbon had a b.c.t structure with a tet­
ragonality of 1.013. the tetragonality of carbon­free martensite of 
iron–nickel alloys was previously explained by coherent stresses between 
the martensite crystals and dispersed particles of the metastable γ′­phase 
of Ni3ti composition [33, 34].

Magnetometric curves gave the transformation parameters (charac­
teristic temperature, amount of martensitic phase), averaged over the 
weight of the sample (0.5 g). X­ray phase analysis allowed estimating 
the amount of martensitic phase in the ribbon local areas (along the 
length and on different surfaces) regardless of the type of austenite 
texture. For this purpose, the experiments were performed on x­ray 
URS­0.02 equipment with a sharp focus and a beam diameter of 30 µm. 
X­ray study in a divergent beam with a difference of 2–3° gave the 
blurred diffraction lines. to increase the accuracy of measurements us­
ing samples in the cross­sections form, we used the method of diffrac­
tion lines focusing by G.V. Kurdyumov [2].

According to [32], for a certain Bragg angle, it is possible to select 
the angle of plane inclination to the primary x­ray beam, under which 
the conditions of focusing a given diffraction reflex are realized. In this 
way, it is necessary to register each reflex separately. As a result, vari­
ous reflexes were registered, and the required accuracy of measure­
ments in local areas of the cross­section was achieved. this position of 
the cross­section is determined by the formula from geometric consider­
ations [31]:

 
sin

tg
cosR a

Θ
α =

+ Θ
, (17)

where α is an angle formed by the plane of the cross­section and the 
direction of the primary x­ray beam, R is a radius of the chamber, and 
a is a distance of the cross­section from the first slit. 

thus, using a sharp­focus x­ray beam and focusing the x­ray re­
flexes according to G.V. Kurdyumov’s method, we can perform diffrac­
tion measurements in local areas of flat samples.

the temperature Ts of the transformation beginning, measured by 
the magnetometric method, was lower by 40 °C as compared with the 
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bulk alloy (Fig. 11). the com­
pleteness of the Mt was dif­
ferent for different sides of 
the ribbon (Fig. 12, a, b). the 
85% of martensite was for­
med on the free surface of al­
loy 1 and 57% on the contact surface (beginning of the ribbon). this 
does not correspond to the result of Ref. [10], where the amount of mar­
tensitic phase on the contact and free surfaces of the alloy 1 ribbon, 
rapidly quenched from the melt in an inert atmosphere, was equal to 
93% and 60%, respectively. the different completeness of the transfor­
mation was explained in [10] by the nickel enrichment of the surface 
layer with a thickness of 10 µm from the free surface of the ribbon.

this difference in results can be filled with significantly different 
nickel redistribution processes when spinning a liquid jet in different 
atmospheres (carbon dioxide and inertial). It is obvious that for condi­
tions of higher cooling rate in the atmosphere of carbon dioxide redis­
tributed Ni practically did not occur.

the difference in the completeness of the Mt on different surfaces 
of the ribbon was mainly determined by the grain size of the initial aus­
tenite. on the contact surface, the proportion of grains with ultrafine 
sizes was much larger. Inhibition of Mt in such grains led to the fact 
that on the contact side the amount of martensitic phase was lower by 
28% and 17% for alloys 1 and 2, respectively.

As known, the completeness of the Mt in iron–nickel alloys also 
depends on the chemical composition and the nature of the residual 

Fig. 12. the martensite volume fraction, M, vs. the width, h, of the ribbons of al­
loys 1 (a) and 2 (b) for the free (1) and contact (2) sides [36]

Fig. 11. the cooling temperature, 
T, dependent specific saturation 
magnetization, σ, for the ribbon 
(a) and bulk alloy 1 (b) [27, 35]



78 ISSN 1608-1021. Prog. Phys. Met., 2022, Vol. 23, No. 1

V.Yu. Danilchenko, Ye.M. Dzevin, and R.M. Delidon

stresses. In this regard, the distribution of nickel in the ribbons was 
studied. It turned out that its content on the free surface of the ribbon 
was in 0.5–1.0 wt.% more than on the contact surface. the difference 
in the width of the ribbon was even smaller. Slight differences in nickel 
content could not explain the found difference in the volume fraction of 
martensite in different local areas of the ribbon.

the sin2ψ calculations showed that a tensile residual stress of insig­
nificant value (about 50 MPa) is formed on the contact side during crys­
tal lization, and there is practically no residual stress on the free surface. 
this stresses is also unable to affect significantly the fullness of Mt.

thus, the main factor of the changing of volume part of the mar­
tensite is the size effect at Mt. the different completeness of the trans­
formation in the local areas of the ribbon is mainly determined by the 
different volume fraction of ultrafine (0.5–1.0 µm) of the initial auste­
nitic grains, in which the transformation was inhibited or supressed. 
Indeed, the analysis of the microstructure of the studied thin ribbons 
showed that the size of authentic grains that fell into the interval of 
action of the size effect in Mt was determined.

the volume fraction of the martensitic phase and the characteristics 
of the martensitic transformations also varied continuously along the 
cross section of the ribbons. thus, a double effect was observed for the 
alloy 1 ribbons: in addition to different amounts of martensitic phase on 
the free and contact side, in its central section on the free side the 
amount of martensitic phase was on 10–12% higher than in the nearside 
section (Fig. 19, a, curve 1). on the contact side the edge effect was not 
observed (Fig. 12, a, curve 2). For the alloy 2 ribbon, the edge effect was 
not expressed (Fig. 12, b, curve 1). this was obviously due to the small­
er width and possibly the thickness of this ribbon, which in turn resulted 
in a smaller difference in cooling rate across its width. Such changes in 
the characteristics of the structural­phase composition of the ribbon de­
termined its gradient properties, which varied along its entire length.

the size effect at direct Mt can effect on the carrying out of the 
reverse α–γ transformation in thin ribbons. In this regard, the effect of 
reverse α–γ transformation in microcrystalline ribbons on the complete­
ness of the subsequent direct transformation and stabilization of re­
verted austenite was investigated.

the reverse transformation in the ribbons was carried out by slow 
heating at a rate of 0.08 deg/min an argon atmosphere to a temperature 
of 550  °C (alloy 1) and 800  °C (alloy 2). Under these conditions the 
γ­transformation had a diffusion character, which led to significant re­
fining of reverted austenite grains due to the mechanism of multiple 
formation of γ­phase nuclei on various structural features of marten­
site, including on the boundaries of crystals, internal twins and excre­
tions [33, 34].
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Because of this process, differently oriented nanosize lamellar crys­
tals of reverted austenite with a thickness of 50–100 nm were formed 
[34–37]. For this reason, upon subsequent cooling in liquid nitrogen, 
the transformation was completely suppressed in such grains. For com­
parison, we studied the regularities of Mt in a bulk sample of alloy 1, 
from the ingot of which was cut a sample for spinning. It turned out 
that after the first cycle of transformation, cooling in liquid nitrogen 
led to the formation of 26% martensite; after the second one — 8% 
martensite; and only after the third transformation, cycle the reverted 
austenite was completely stabilized. these results showed that the de­
gree of refining of the austenite by reverse transformation in the ribbon 
material was much higher than in a bulk alloy of the same chemical 
composition.

the reverse transformation, which took place when the alloy is heat­
ed to the appropriate temperature range at a rate higher than critical 
for this alloy, is non­diffusion. For the condition of such character of 
the atomic rearrangement, the stabilization degree of reverted austenite 
by transformations was much lower than in the case of the diffusion 
mechanism of reverse transformation. this is because the non­diffusion 
α–γ transformation did not change the sizes of the initial austenitic 
grains. Grains only fragmented depending on the number of cycles. Af­
ter dozens of cycles, disoriented fragments of reverted nanoscale­level 
austenite (nanofragments) were formed [38–40]. Low­angle sub­bound­
aries were a less effective barrier for martensitic crystals compared to 
high­angle grain boundaries, but under the conditions of accumulation 
of the fragment misorientation at the accumulation of cycles, the com­
pleteness of the direct transformation decreased. the reduction in the 
size of the austenitic grain led to a more significant stabilization of the 
reverted austenite after reverse transformation with no diffusion char­

Fig. 13. the martensite volume fraction, M, vs. the quantity, N, of γ–α–γ trans­
formations for contact (1) and free (2) sides of ribbon and for the bulk sample (3): 
а — alloy 1; b — alloy 2 [44]
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acter compared to the bulk sample of the same chemical composition. 
For the alloy 1 ribbon, it was found that after 30 cycles with non­diffu­
sion α–γ transformation, the volume fraction of martensite on the free 
side of the ribbon decreased by 63% and on the contact side by 44%, 
while for the bulk sample this value decreased only by 8% (Fig. 13, a). 
A similar dependence was also found for the alloy 2 ribbon (Fig. 13, b).

the found regularity indicated that the size effect at the Mt deter­
mined a higher degree of stabilization of reverted austenite by transfor­
mations on the free side of the ribbon (compared to the contact side).

In a comparative study of the effect of cycles’ number on the char­
acteristics of the structural­phase state of the ribbon and of the bulk 
alloy, it is necessary to take into account that the interval of α–γ trans­
formation of the ribbon was shifted towards low temperatures. For the 
alloy 2 ribbon, according to x­ray data, this shift was approximately 
80 °C (Fig. 14). Under conditions of increasing of the cycles number, the 
temperature Tk of the final transformations increased markedly (by 75–
80 °С after 30 cycles, Fig. 15, curve 2). At the same time, due to the 
accumulation of internal stresses in the process of thermal cycling, the 
half­width of the reflex (311) of the reverted austenite increased 
(Fig. 15, curve 1). these results mean that to achieve a high degree of 
phase hardening from the transformations, it is necessary to heat the 
ribbon, quenched to martensite, under each subsequent transformation 

Fig. 15. the half­width, β, of the 
reflex (311)γ (a) and the final 
temperature of the α–γ transfor­
mation (b) vs. the number, N, of 
γ–α–γ transformations for the al­
loy 2 ribbon [40]

Fig. 14. the martensite volume frac­
tion, M, vs. the heating temperature, 
T, for the reverse α–γ transformation 
in the quenched ribbon (a) and bulk 
(b) alloy 2 [44]
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Fig. 18. dark­field images in the reflex (110)α from the structures shown in the 
previous figure [23]

Fig. 17. the structure evolution of the alloy 2 ribbon rolled to a thickness of 8 (a) 
and 4 (b) µm [23]

Fig. 16. the structure of the alloy 1 ribbon rolled to 5 µm (a), where b — the dark 
field image in the reflex (111)γ [23]
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to an ever­higher temperature Tk. this is due to the fact that overheat­
ing of the quenched alloy above the temperature Tk already at 10–15  °C 
leads to the development of relaxation processes and a corresponding 
decrease in the degree of phase hardening.

Fig. 19. Fragments of 
diffraction patterns 
(FeKα radiation) from 
the alloy 1 ribbon, 
where 1 — initial state, 
2 and 3 — after the 
rolling to a thickness 
of 5 and 1 µm, respec­
tively [29]

Fig. 21. Fragments 
of the diffraction pat­
tern (FeKα radiation) 
of alloy 2 ribbon, 
where 1 — contact 
side (initial state), 2 
and 3 — after rolling 
to 5 and 1 µm, re­
spectively [29]

Fig. 20. Fragments 
of diffraction pat­
terns (FeKα radia­
tion) from the alloy 
1 ribbon after the 
cooling in liquid ni­
trogen (1), rolling to 
5 µm followed with 
cooling in liquid ni­
trogen (2) [29]



ISSN 1608-1021. Usp. Fiz. Met., 2022, Vol. 23, No. 1 83

Martensitic Transformations of Fe–Ni Alloys Rapidly Quenched from Melt

In the Fe­based alloys, the Mt is sensitive to plastic deformation of initial 
austenite [41–43]. during the plastic deformation of austenite, it can both 
activate and inhibit subsequent Mt [44–47]. In this regard, additional re­
fining of the austenitic structure can be obtained by rolling of the ribbons.

Electron microscopic studies of the structure of rolled ribbons were 
performed (Figs. 16–18). the alloy 1 ribbon was sequentially rolled to a 
thickness of 10, 5, 3, and 1 µm; and the alloy 2 ribbon was rolled to a 
thickness of 6, 4, and 2 µm. Sequential rolling of the alloy 1 ribbon to 
10 µm did not lead to deformation­induced Mt. After rolling to 5 µm, 
the x­ray diffraction pattern contained reflexes of a small amount (7%) 
of the martensitic phase (Figs. 19–21, curve 1). the electronic microdif­
fraction pattern also contained martensitic reflexes. A cellular submi­
crostructure with a size of fragments from 0.5 to 0.1 µm was formed in 
the deformed ribbon (Fig. 16).

the evolution of the ribbon structure with increasing degree of 
plastic deformation during the rolling is shown in Figs. 17 and 18. At 
the first stage of rolling a cellular substructure was formed. the size of 

Fig. 23. Fragments 
of the diffraction 
pattern (FeKα radia­
tion) of the alloy 2 
ribbon: 1 — free side 
(initial state), 2 — 
cooling in liquid ni­
trogen, 3 — rolling 
to a thickness of  
5 µm, 4 — cooling of 
the rolled ribbon (up 
to 5 µm) in liquid ni­
trogen [48]

Fig. 22. temperature dependent 
magnetization of the ribbons rol­
led to a thickness of 5 µm of alloy 
1 (a) and alloy 2 (b, c): a — coo­
ling in liquid nitrogen and heat­
ing to final temperature Te, coo­
ling in liquid nitrogen (b) with 
subsequent heating to Te (c) [48]
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the fragments ranged from 0.5 to 0.1 μm. the walls of the cells were 
three­dimensional formations in the form of tangled dislocations with a 
density of about 1011 cm−2. In the structure of the ribbon, rolled up to 
2 μm, there were broken boundaries. As the degree of deformation in­
creased, an increase in the angle of disorientation between the cells was 
obser ved. this was evidenced by the change in the form of electron mi­
crodiffraction from electron patterns with one axis of the zone and a 
slight azimuthal blurring of reflexes to almost circular electron patterns.

Rolling of the alloy 2 ribbon to 5 µm caused intensive development 
of Mt (about 95% martensitic phase) (Fig. 21; Fig. 23). Cooling of the 
deformed ribbons in liquid nitrogen did not cause an additional Mt. 
Microelectron patterns contained the reflexes from f.c.c. and b.c.c. pha­
ses (Fig. 17). After rolling to 6, 4, and 2 µm, the structure of the rib bon 
was transformed into single­phase with b.c.c. martensite (Figs. 17, b 
and 18, b).

Magnetometric studies confirmed that, because of cooling in liquid 
nitrogen of the ribbon rolled to a thickness of 3 µm, an intense Mt hap­
pened (Fig. 22, curve 1). the temperature Ts for the rolled ribbon is 
reduced by 15 °C compared to the initial ribbon. Cooling of the alloy 2 
ribbon rolled to a thickness of 1 µm did not change the amount of mar­
tensite (Fig. 22, curve 2). the next heating led to the reverse α–γ trans­
formation in both ribbons (Fig. 22, curves 1 and 3). the temperature of 
the Ts and Te ribbons remained practically unchanged compared to the 
initial one, unstrained ribbons.

5. Conclusions

the grain structure of the austenitic phase in thin ribbons of iron­
nickel alloys, rapidly quenched from the melt, was formed sharply inho­
mogeneous and differed not only on the contact and on free surfaces, 
but on the width and length of the ribbon too. deviation of grain size 
distribution from homogeneous can be explained by different cooling 
rate in local areas of the ribbon. the ribbons were also heterogeneous in 
thickness. the difference in thickness at the edges and in the centre of 
the ribbon reached 8 µm, and at the end of the ribbon was smaller by 
2–3 µm compared to the beginning. the decrease in the thickness of the 
ribbon was due to the decrease in the adhesion of the ribbon to the sur­
face of the cooler disk when a liquid jet heated it.

the formation of the grain structure occurred with the gradual 
heating of the disk. the result was the practical absence of residual 
stresses in the austenitic phase, the formation of triple equilibrium 
grain boundaries and an increase in grain size up to several times, as we 
approached the end of the ribbon. this meant that the quenching effect 
along the ribbon was not permanent.
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due to the significant difference in the cooling rate on the free side, 
a pronounced one­sided axial texture of the growth of the austenitic 
phase was formed along the (100)γ plane, the degree of which varied 
along the width and length of the ribbon. on the contact side, the same 
texture of austenitic grains was weakly expressed.

the size of the original grain of austenite in the alloy 1 ribbons was 
mainly in the range of 1.0–3.5 µm, and alloy 2 — in the range of 0.5–
2.0 µm. the grains had a developed cellular structure with cell sizes of 
0.15–0.5 µm. After cooling the ribbons in liquid nitrogen, the marten­
sitic crystals had needle morphology. In grains with a diameter of more 
than 1 µm, almost completely martensitic structure was observed. In 
grains with a diameter of 1.0–0.8 µm, the completeness of the Mt de­
creased markedly, and in grains with a diameter of less than 0.7 µm, the 
transformation did not take place (edge effect).

the amount of martensite on the free side of the ribbon was in­
creased by 17% in alloy 1 and 28% in alloy 2 as compared to the contact 
side. An edge effect was found on the width of the ribbon of alloy 1: in 
the central part of the free side, the amount of martensite was greater 
by 10–12% than in the side (peripheral). there was not an edge effect 
observed on the contact side. the established regularities of the distri­
bution of the amount of martensitic phase can be fully explained by the 
size distribution of austenitic grains, since these dimensions fell within 
the range of the size effect at Mt. Significantly inhomogeneous size 
distribution of austenitic grains in local areas of the ribbon and a pro­
nounced size effect in Mt led to the formation of gradient properties of 
thin ribbons of RQAs.

Compared with bulk alloys, the size effect in Mt determined a higher 
degree of stabilization of reversed austenite of thin ribbons by reverse 
α–γ transformations. the stabilization effect took place for both diffu­
sion and non­diffusion character of α–γ transformation. the reverse α–γ 
transformation of diffusion character, realized in the ribbon at slow 
heating with a speed in α–γ­interval less than 0.5 deg/min, led to sig­
nificant refining of the initial austenitic grain through the diffusion 
mechanism of multiple nucleation of γ­phase on the structure defects of 
martensitic phase. As a result, the reversed austenite after one α–γ 
trans formation of diffusional character was completely stabilized in 
rela tion to the direct Mt during subsequent cooling in liquid nitrogen. 
With the non­diffusion character of α–γ transformations (rapid heating 
in the α–γ interval), it is possible to repeat them many times without 
significant stabilization of the reversed austenite. In thin ribbons, the 
degree of phase hardening from the cycles of γ–α–γ transformations  
was achieved lower compared to bulk alloys of the same chemical  
composition.
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ЗАКОНОМІРНОСТІ МАРТЕНСИТНИХ ПЕРЕТВОРЕНЬ  
Fe–Ni­СТОПІВ, ШВИДКОЗАГАРТОВАНИХ ІЗ РОЗТОПУ

Оглянуто та досліджено закономірності формування зеренної структури мета­
стабільних залізоніклевих стопів, сформованої в умовах високих температурних 
ґрадієнтів за гартування із розтопу (спінінґування), та її вплив на характеристи­
ки мартенситних перетворень (МП) у локальних областях тонких стрічок. Про­
ведено порівняння текстури аустенітної та мартенситної фаз на різних сторонах 
тонких стрічок. Досліджено наслідки впливу релаксаційних процесів упродовж 
твердіння тонких стрічок на закономірності формування зеренної структури. 
Запропонований рентґенівський спосіб міряння кількости мартенситу уможли­
вив вирішення задачі вимірювання кількости мартенситу в локальних областях 
текстурованих стопів. Встановлено, що повнота МП є різною для контактної та 
вільної сторін стрічки. Проаналізовано основні чинники, які визначили неодно­
рідний розподіл мартенситної фази в локальних областях стрічки. Проаналізо­
вано вплив розмірних ефектів за МП, залишкових напружень і зміни хемічного 
складу аустенітної фази на розподіл мартенситної фази в локальних ділянках 
стрічки. Досліджено вплив розмірного ефекту на перебіг прямого γ–α­ і зворот­
нього α–γ­МП у тонких стрічках. Виявлено роль ультрадисперсної складової аус­
тенітних зерен у стабілізації аустеніту швидкозагартованих стопів циклічними 
γ–α–γ­МП.

Ключові слова: мартенситні перетворення, стопи Fe–Ni, спінінґування розтопу, 
стрічка, зеренна структура, текстура, напруження.


