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Abstract—Changes in the dimensional and microstructural characteristics of the samples of two invar fcc
alloys, Fe—35.0% Ni—0.49% Mn and Fe—30.9% Ni—1.23% C, have been investigated by X-ray diffraction,
metallographic, and electron-microscopic methods after upsetting with the logarithmic deformations e = 0.5
and 1.1. It has been shown that the regularities of changes in the macroscopic dimensions of the samples, as
well as in the parameters of structural elements, which are presented by coefficients of the shape change after
upsetting, are common for both alloys, although they have some distinctions. These distinctions are caused
by the presence of a second phase in the carbon-containing alloy, which is concentrated predominantly along
the boundaries of structural elements and affects the changes in the size and microstructural characteristics,
as well as by a higher density and greater uniformity of the defect distribution.
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INTRODUCTION

One of the widely used industrial methods of fabri-
cating metallic billets and articles is upsetting, theoret-
ical foundations of which and specific features of plas-
tic deformation upon such a treatment are rather well
studied for alloys with fcc and bcc structures (copper,
aluminum, iron [1—4]; steel [5]) both in a part of
changes in the shape and dimensions of the samples
and their microstructure.

The method is simple, but the sample is deformed
nonuniformly over the volume [2] (Fig. 1). Due to the
surface friction, zones I, in which the forming is min-
imum, arise in the contact regions. Zone II is sub-
jected to maximum deformation and refinement of the
structure. The degree of participation in the plastic
deformation and, consequently, the structure of zone
I1I, which is located along the side surface of the cyl-
inder, depends, similarly to zones I and II, on the
amount of plastic deformation.

The results of microhardness measurements over
the height in the central part of the samples, which
were performed, in particular with the imposition of
ultrasonic vibrations during upsetting, confirm the
nonuniformity of the deformation distribution [6—9].
The authors of [10] experimentally revealed a non-
monotonic variation of hardness and electrical resis-
tivity of grade-20 steel under stepped upsetting, which
also is caused by the deformation nonuniformity in
various zones.

At the same time, considerably less attention has
been paid to the investigation of the formation of the
fine structure under similar types of treatment in the
case of iron-based bcc and fcc alloys, including two-
phase alloys. In particular, the structure and properties
of invar Fe—Ni alloys after the deformation by upset-
ting have virtually not been studied, although this
technology is widely used to fabricate articles from
these alloys. The data concerning the interrelation
between the changes in the shape of microstructure
elements of invar alloys after upsetting and the geo-
metrical sizes of metallic billets are also absent. In

Fig. 1. Distribution of accumulated plastic deformation
upon upsetting over the longitudinal section of a billet
(schematic) [2].

917



918 NADUTOV et al.

Table 1. Chemical composition of the 1N31 alloy

Content of alloying elements, wt %
Alloy
Ni C Cr Cu Fe
IN31 30.9 1.23 | <0.003 | <0.03 | For balance

addition, it has not been studied how carbon affects
the formation of the fine structure in fcc Fe—Ni alloys
during upsetting.

Therefore, this study was aimed at the establish-
ment of regularities of the structure formation in
Fe—Ni and Fe—Ni—C invar alloys after upsetting
deformation and at the investigation of correlation
between the forming of its elements and the geometric
parameters of ingots, as well as the metal hardness over
the height of ingots after upsetting to logarithmic
deformation e = 0.5 and 1.1.

EXPERIMENTAL

This study was performed using the industrial invar
alloy N36 (Russian State Standard GOST 10994-74)
of composition Fe—35.0Ni—0.49Mn (wt %), and a
laboratory carbon-containing alloy 1N31, the compo-
sition of which is presented in Table 1.

The samples for the tests were cylinders with diam-
eters of 12.5 and 21 mm and a height of 25 and 30 mm
for the alloys N36 and 1N31, respectively. They were
first homogenized at 1373 K in a silicate slag with
holding for 30 min, then quenched in room-tempera-
ture water. The slag was used to prevent sample oxida-
tion and to minimize carbon loss.

After heat treatment (initial state), the billets were
deformed by upsetting under a force of 1 MN at the
velocity of the press slider V, = 2 mm/s. Deformation
under upsetting was determined from the expression

ez]n%, (1)

where 4, and /4 are the sample heights before and after
the upsetting, respectively.

The structure and the properties of both alloys after
the upsetting treatment were investigated by X-ray dif-
fraction, metallography, and electron microscopy, as
well as by the hardness method.

The metallographic investigations were performed
using a NEOPHOT-32 optical microscope in trans-
verse (parallel to the plane of the contact surface) and
longitudinal (along the height) sections of the middle
part of the sample using polished sections prepared by
the mechanical and electrolytic methods of polishing
(etching) in the electrolyte of the following composi-
tion: 75 g chromium anhydride, 133 mL glacial acetic
acid, and 20 mL water at a voltage of 90 V and a cur-
rent of 0.5—1.5 A. This electrolyte was also used when
preparing thin foils for investigations by transmission
electron microscopy (using a JEM-2000 FX device),
the samples for which were cut from the central part of
the longitudinal and transverse sections of ingots.

The dislocation density in the deformed states of
the alloys was determined by the method of compari-
son with the generally accepted dislocation density in
martensite (10''—10'2 cm™2).

The X-ray diffraction analysis was performed
using a DRON-3M diffractometer in Co Ko radia-
tion in the sample sections perpendicular to the
upsetting direction.

The Vickers hardness under a load of 5 kg was
determined along the sample height in the plane of the
longitudinal section with a step of no more than two
imprint diagonals. The measurement error was
+10 HV;.

The estimations of the size ({(d)) distribution of
structure elements (grains) as well as of the relative
changes in the diameters of the billets &, and k,,, of the

coefficients of grain elongation k; and k;, and of the
coefficient of variation of the average grain size k,,
after the upsetting deformation were performed using
the Image Pro 3.0 software (Table 2).

The relative changes in the diameters of billets were
determined from the relationships
=D ang g, =20, @
D D

1

ki

where D, is the diameter of the ingot cross-section in
the initial state, before upsetting; and D and D, are the
diameters of the sections of the near-surface and mid-
dle parts of the samples deformed by upsetting,
respectively. The elongation coefficients of grains k;

and k, in the longitudinal section in the near-surface

Table 2. Macroscopic and microscopic characteristics of forming of the billets of invar alloys and of their structure after the

deformation by upsetting

Alloy e Dy, mm D, mm D, mm hy, mm h, mm ki/k,, k. ki/k|
N36 1.1 21 34.8 37.9 30 9.8 0.60/0.55 0.77 0.29/0.16
IN31 0.5 21 24.8 26.8 25.0 15 0.84/0.78 0.91 0.39/0.37
IN31 1.1 12.5 17.2 20.0 25.0 8 0.72/0.63 0.78 0.29/0.27
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and central parts of the samples were evaluated from
the relationship

' dmin

ky ky = ( >, €))
<dmax>

where (d,;,» and {d,,,,) are the average minimum and

maximum grain sizes. The quantity

d). .
=< >1n1t (4)

h <d>def

is determined as the ratio of the average grain sizes on
the surface perpendicular to the upsetting direction in
the initial and deformed states.

RESULTS AND DISCUSSION

The analysis of the above results indicates that the
changes in the macroscopic parameters of the samples
expressed as the ratio of coefficients k,/k,, = 0.60/0.55
for the N36 alloy correlate with the changes in the

microscopic coefficients k,/k; = 0.29/0.16, which
indicates the formation of a texture, the degree of
manifestation of which increases upon approaching
the central part of the samples. A similar effect is also
observed in the case of the IN31 alloy (Table 2).

An analysis of the histograms of the size distribu-
tion of structure elements (grains), which were found
from the results of metallographic investigations of the
N36 alloy performed on the surface and middle parts
of the sample deformed to e = 1.1 in the transverse and
longitudinal sections, are presented in Fig. 2. They
indicate that, after the above-mentioned deformation,
an increase in the average grain size relative to the ini-
tial state by 30% (from 50 to 65 um (Figs. 2e and 2f,
respectively) is observed on the external (contact) sur-
face of the sample section transverse to the upsetting
direction (zone I, Fig. 1), with the conservation of the
grain shape and without any signs of a preferential
direction in the change in sizes.

A similar regularity is also observed in the middle
part of the sample (Fig. 1, zone II): the average maxi-
mum grain size increases approximately twofold (from
52 to 110 um) (Figs. 2e, 2h). In this case, the coeffi-
cient of the increase in the diameters of the samples
(ki/k,,) for both alloys varies proportionally to the
degree of deformation (Table 2). At the same time, the
investigations of the structure in longitudinal sections
indicate an elongation of structure elements along the
axis perpendicular to the sample height, which is
increased on moving from the loading surface to the

sample middle (Table 2, k,/k;, = 0.29/0.16 for the
N36 alloy; the changes for the 1N31 alloy are similar).
The character of changes in the elongation along the
vertical axis has a parabolic dependence with a maxi-
mum in the middle part of the sample (Fig. 1).

The size distributions of structure elements
(grains), which were determined from metallographic
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Fig. 2. Structures of the samples of the N36 alloy in the ini-
tial state (a) and after the upsetting to e = 1.1 in the trans-
verse section (middle part) (b) and in longitudinal sections
(c¢) in the near-surface part and (d) in the middle part of
the sample, with corresponding histograms (e, f, g, h) of
grain-size distributions by (O) minimum, (®) medium,
and (®) maximum sizes.

investigations of the 1N31 alloy after the deformations
toe=0.5 (Fig. 3) and 1.1 (Fig. 4) in the transverse and
longitudinal sections in the surface and middle parts of
the samples are presented in the histograms.

They indicate that, on the external (contact) sur-
face of the transverse sample section, an increase is
observed in the average grain diameter relative to the ini-
tial state by 9.6% (Figs. 3e, 3f) and 28% (Figs. 3e, 4c),
respectively, with the conservation of their shape. The
variation of the average maximum grain size depend-
ing on the degree of deformation has an inverse char-
acter. In the longitudinal section of the sample of
the IN31 alloy, after e = 0.5, it decreases by 5%
(Figs. 3d, 3g) and 11% (Figs. 3e, 3h), respectively,
when moving from the surface to the middle part.
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Fig. 3. Structure of the samples of the 1N31 alloy in the
initial state (a) and after the upsetting deformation to e =
0.5 in the transverse section (middle part) (b) and in longi-
tudinal sections (c) in the near-surface part and (d) in the
middle part of the sample, with (e, f, g, h) corresponding
histograms of grain size distributions by (O) minimum,
(®) medium, and (®) maximum sizes.

In this case, the relative change in the sizes of the
deformed billets for the N36 and 1N31 alloys is pro-
portional to the degree of deformation (Table 2; for
example, A for the N36 alloy decreases from 30 to
9.8 mm with an increase in the diameter from 21 to
37.9 mm). At the same time, the structural investiga-
tions in the longitudinal sections indicate substantial
changes, which are observed upon moving from the
surface of the application of the force during upsetting
to the middle of the samples (Figs. 2c, 2d, 3¢, 3d). This
is accompanied by a more or less uniform increase in
the coefficients of elongation of the structure elements

k, and k, from 0.29 to 0.16 for the N36 alloy.
The character of this variation is parabolic with a

maximum in its middle part. Our results of metallo-
graphic investigations of the structures of both alloys
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Fig. 4. Structures of the samples of the 1N31 alloy after the
upsetting deformation to e = 1.1 in (a) transverse and
(b) longitudinal sections of the near-surface part with
(c, d) corresponding histograms of grain-size distributions
by (O) minimum, (®) medium, and (®) maximum sizes.

evidence that, as compared to the N36 alloy, the 1N31
alloy (Figs. 3, 4) in the initial state has a grain structure
in which the boundaries are decorated by globular and
elongated graphite precipitates that are characteristic
of the Fe—Ni—C austenitic alloys [11]. This circum-
stance apparently affects the general regularities of the
formation of structures over the section of the samples,
which manifest themselves in changes in the corre-
sponding coefficients. A more considerable elongation
of the structure elements is observed in the N36 alloy

(ki/k; = 0.29/0.16) compared with 1N31, where k,

and k, are equal to 0.29 and 0.27, respectively, with the
total decrease in the ratio of the coefficient of the vari-
ations in the macroscopic parameters of the samples
k/k,, of the latter from 0.84/0.78 to 0.72/0.63 for e =
0.5 and 1.1, respectively (Table 2).

In addition to the above-mentioned features, rough
traces of sliding arranged at angles of 35°—40° to the
contact plane are observed upon the metallographic
investigation of the longitudinal sections of both alloys
in the near-contact layers.

The analysis of the results of the X-ray diffraction
investigations (Fig. 5) indicates that the intensities of
lines 200 and 311 for the N36 alloy decrease in the
transverse section after upsetting to e = 1.1. This is the
sign of the formation of a preferential crystallographic
orientation of structure elements in the material.

Similar investigations performed for the 1N31 alloy
indicate a considerable increase in the intensities of
lines 111, 200, and 222 with an insignificant effect for
the 311 line upon recording from the transverse sec-
tion of the sample, whereas in the case of the longitu-
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Fig. 5. X-ray diffraction patterns of the samples of alloys (a, b) N36 and (c—e) 1N31 in the initial state (a, ¢) and after the upsetting
deformation to e = 1.1 in the transverse ((b) contact surface and (d) middle part of the sample and in the longitudinal sections (e).

dinal section, the lines 220 and 311 vanish at all. This
indicates the formation of a sharper texture.

The analysis of the structure of the alloys studied in
both sections of the central part of the samples by trans-
mission electron microscopy of thin foils (Figs. 6, 7)
shows that, in the N36 alloy, in the transverse section,
the structure consists of almost uniaxial cells with sizes
of 0.2—1.0 um. The magnitude of the azimuthal
smearing of reflections depends on the initial grain
orientation, which varies in the limits of 5°—15°,
which follows from an analysis of electron-diffraction

THE PHYSICS OF METALS AND METALLOGRAPHY Vol. 116

patterns and dark-field images (Figs. 6b, 6¢). The typ-
ical structure of the longitudinal section of the N36
sample is characterized by clearer boundaries of cells
elongated predominantly in the direction normal to
the upsetting direction. The sizes of structure elements
lie in the limits of 0.5—3.5 um with an elongation coef-
ficient equal to 0.2 (Fig. 6d). The azimuthal misorien-
tation of structure elements in the longitudinal section
also depends on the orientation of the initial grains
and lies in the limits of —2.5°...12°. The minimum
grain size of structure elements of the longitudinal sec-
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Fig. 6. (a, d) Typical microstructures of the N36 alloy in
transverse and longitudinal sections of a sample after
upsetting to e = 1.1; (b, e) electron-diffraction patterns
from the regions shown in (b) and (e); and (c, f) dark-field
images obtained in reflections indicated in (b, e), respec-
tively.

tion is in the limits of 0.5—1.0 um. The dislocation
density inside the structure elements of both sections
is on the a level of 10'! cm~2. In the transverse section,
the dislocations mainly form pileups and tangles
(Fig. 6a), whereas in the longitudinal section, they are
located mainly along the boundaries of the structure
elements (Fig. 6d).

Compared with the N36 alloy, the structure of the
1N31 alloy in the central part of the samples and after
upsetting is presented by elements, the boundaries of
which in both sections are decorated by precipitates of
the second phase (Fig. 4). In this case, their distribu-
tion correlates with the variations in the grain param-
eters, which, in the transverse section, increase in the
direction from the surface to the sample center from

THE PHYSICS OF METALS AND METALLOGRAPHY Mol. 116

Fig. 7. (a, d) Typical microstructures of the 1N31 alloy in
transverse and longitudinal sections of a sample after
upsetting to e = 1.1; (b, e) electron-diffraction patterns
taken from the regions shown in (b) and (d); and
(c, ) dark-field images obtained in reflections indicated in
(b, e), respectively.

94 um (initial state) to 100 and 120 pm depending on
the degree of deformation (e = 0.5 and 1.1, respec-
tively) with the practical absence of changes in shape
(Fig. 3). At the same time, in the longitudinal sections
there is observed a considerable elongation of struc-
ture elements, which is increased along the direction
toward the sample center. This process is accompanied
by corresponding changes in the arrangement of the
second-phase inclusions, which decorate the bound-
aries of the initial grains.

The azimuthal misorientation of structure ele-
ments in the longitudinal sections depends on the
grain orientation in the initial state and lies in the lim-
its of 2.5°—12° (Fig. 7). The minimum size of the
elongated elements lies in the limits of 0.03—0.4 pm,
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with the maximum size reaching 3.5 um. It should be
noted that, compared to the N36 alloy, the microstruc-
tures in the longitudinal sections of the deformed sam-
ples of the 1N31 alloy are more distinct (Figs. 7d, 7f),
and are characterized by considerably smaller mini-
mum sizes of their elements. No reflections of the car-
bide phase were revealed in the electron diffraction
patterns obtained when studying the 1N31 alloy,
which indicates that the precipitates along the bound-
aries of the structure elements most likely represent
amorphized carbon. Most elements of the structure of
the transverse section have almost no elongation. The
azimuthal misorientation of fragments inside the
structure elements lies in the range of 2.5°—12°. Their
size and the arrangement of the boundaries largely
depend on the orientation of initial grains relative to
the deformation direction. The dislocation density in
the longitudinal and transverse sections is no more
than p = 10'2 cm~2 and their distribution is more uni-
form than in the N36 alloy. Its increase in the
deformed states of the 1N31 alloy compared to the
N36 alloy is apparently associated with the fact that
the dislocations are blocked by carbon atoms upon
deformation due to the dissociation of graphite, which
can promote a decrease in their mobility and, corre-
spondingly, impede the formation of the cell structure.

The results of measurements of the Vickers hard-
ness of alloys N36 and 1N31 in the initial state, as well
as after upsetting to various degrees of deformation
along the vertical axis of the samples are presented in
Fig. 8. The hardness of the alloys N36 and 1N31 in the
initial state is 160 and 253 HV5, respectively. The anal-
ysis of the data obtained after the deformation of both
alloys points to the nonuniformity of changes in the
hardness over the section of the samples. The hardness
gradually increases in the direction to the middle part

of the sample (ﬁ),which correlates with the larger

degree of refinment of the structure in the center of the
sample as compared to the periphery (Figs. 2¢c, 2d, 2g,
2h; Figs. 3c, 3d, 3g, 3h).

It should be noted that the hardness of the 1N31
samples in the initial state and after upsetting is higher
in the near-surface layers by 100 HVs than in the
N36 alloy, notably, 273—290 HV; and 185—190 HV%,
respectively, which is explained by an increase in the
degree of the solid-solution and deformation-induced
hardening associated with the carbon doping and
effect of defect blocking. The latter is confirmed, not
only by the higher hardness of the sample made of the
1N31 alloy, but also by an increased dislocation den-
sity to p = 10'2 cm™2 after upsetting compared to the
N36 alloy (p= 10" cm™2). Even more considerable
post-deformation strengthening is observed in the
central part of the billet made of the 1N31 alloy, which
is indicated by a 23% increase in hardness (Fig. 8b),
compared to a 15% increase for the N36 alloy
(Fig. 8a). This distinction is caused by the fact that, in
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Fig. 8. Distribution of hardness (HV5) over the sample
height (4) of the alloys (a) N36 and (b) IN31 after upsetting.

spite of the different changes in the coefficients of

grain shape k; and k,, for the IN31 and N36 alloys
(a decrease in the average grain size in the plane of
measurements of the microhardness parallel to the
upsetting direction, Table 2), the more effective refin-
ment of the structure is observed in the center of the
billet of the carbon-containing alloy, which is associ-
ated with carbon and the features of its distribution
over the defects and boundaries of the structure ele-
ments (Figs. 2c, 2d, 2g, 2h; Figs. 3c, 3d, 3g, 3h; Fig. 8).

Thus, the general character of changes in the hard-
ness of both alloys along the upsetting axis agrees with
its behavior for other materials ([10], including the
case with the imposition of ultrasonic vibrations [8]),
which demonstrates a considerable excess in the car-
bon-containing alloy.

CONCLUSIONS

(1) The influence of the plastic deformation by
upsetting to e = 0.5 and 1.1 on the changes in the
dimensional and microstructural characteristics of the
samples of invar fcc alloys Fe—35.0% Ni—0.49% Mn
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and Fe—30.9% Ni—1.23% C has been investigated.
The relationship between the coefficients of the rela-
tive changes in the billet sizes and grain forming in the
alloys upon upsetting and their dependence on the
composition has been found. The coefficient of elon-
gation of the structure elements of the N36 deformed
alloy decreases on moving from the contact surface in
the direction to the sample middle; at the same time,
in the 1N31 alloy, its decrease is minimized.

(2) Carbon in the initial state of the 1N31 alloy is
distributed predominantly over grain boundaries.
After upsetting of the carbon-containing alloy, in con-
trast to the N36 alloy, a clearer formation of bound-
aries is observed in the longitudinal sections, whereas
the dislocation structure in the transverse sections of
both alloys is constituted by tangled formations, with a
higher defect density in the 1N31 alloy. The latter is
accounted for by blocking of defects by carbon.

(3) A more substantial strengthening of the central
part of billets of both alloys compared to the periphery
after the upsetting deformation has been demon-
strated (by 30 HV; at e = 1.1 for the N36 alloy and by
100 HV;at e = 0.5 for the 1N31 alloy), which is caused
by the different forming of the structural elements in
them. A considerable increase in hardness after upset-
ting in the carbon-containing alloy is associated not
only with the more substantial refinement of all struc-
tural elements, but also with an increased density of
dislocations blocked by carbon.
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