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Mossbauer analysis of the structure Fe—Ni-C
alloys after heat and ultrasonic treatments
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Mossbauer spectroscopy has been used for atomic scale investigation of austenitic
Fe—-Ni—C alloys after ultrasonic and low-frequency impact surface treatments. The phase
composition and hyperfine structure of the Fe—-30.5 %Ni-1.5 % C and Fe—-25.3 % Ni—
0.78 %C alloys with the f.c.c. lattice after annealing at 1373 K and 773 K in vacuum and
following ultrasonic surface treatment (UST, f = 1-3 kHz, the amplitude 20 pm, ¢ = 8-
24 s) have been studied. The results were analyzed in comparison with the low-frequency
impact surface treatment (IST) of the alloys. The microhardness of the alloys after UST
has been analyzed.

MecchayspoBcKasi CIEKTPOCKOIUSA UCIOJH30BAHA [IJiA UCCJIELOBAHUS HA ATOMHOM YDOBHE
aycreuutHbix Fe—Ni—C cmiaBoB mocJie yabTPasBYKOBOI M HU3KOYACTOTHOM yJapHO! HOBEPX-
HOCTHOU 006paboTok. MayueH (a3oBwIii cocTaB U cBepxToHKas cTpykrypa I'ILIK cmiaaBoB Fe—
30.5 %Ni—-1.5 % C u Fe—-25.3 %Ni—0.78 % C mocse marpesa mo 1373 K u 773 K B Bakyyme
¥ TocJeAyolnell yaapHOU yJabTpasByKoBoi ob6paborku (Y30), f = 1-3 kI'm, ammauryma 20
MKM, t = 8-24 c. PeayabTaThl MpoaHAJN3UPOBAHBI B CPABHEHWU C BIUAHUEM HU3KOUYACTOT-
HOM ymapHO#l moBepxHocTHOI o0paborku (VIIO) cmmasoB. ITocae Y30 mpoaHanumsmpoBaHa

© 2004 — Institute for Single Crystals

MUKDPOTBEPOOCTH CIIJIaBOB.

The ultrasonic surface treatment (UST)
is an effective method improving mechani -
cal properties and performance charac-
teristics of metal products. The hardening
is associated with special defect structure
formed under the UST resulting in anoma -
lous diffusion of atoms and phase transfor -
mations [1]. A power ultrasonics produces
defects of crystal structure with the density
different from that after rolling or impact
low-frequency treatment (IST). The electron
microscopy of metal samples after UST has
shown the increased (by 2—3 orders) density
of dislocations and more homogeneous dis-
tribution of these defects in the surface lay -
ers [2]. Moreover, the high concentration of
vacancies arising under the high-speed de-
formation is considered in [2] as a reason
for the non-conservative movement of dislo -
cations. The anomalous mass transfer is ex -
plained by high concentration of wvacancies
and interstitial atoms under the high-speed
impact pulse loading of metal surface as com -
pared to the low-speed deformation [3].
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The UST effect on structure and proper -
ties of metal surface was studied in detail
by structural methods and mechanical test -
ing [1]. No detailed atomic scale study of
the above-mentioned processes using Moss -
bauer spectroscopy was carried out. We as-
sume that the anomalous mass transfer
under the UST should follow redistribution
of atoms in the crystal lattice that may be
demonstrated in Mossbauer spectra. The
main goal of this work was to reveal
changes in phase composition and hyperfine
structure of the austenitic Fe—Ni—C alloys
after the UST by means of Mossbauer spec-
troscopy in comparison to the data relating to
the samples after the IST. The f.c.c. Fe-Ni—C
alloys under study are of industrial interest
as the basis of Invar materials and their
hardening is one of the main tasks.

The objects of this study were the f.c.c.
Fe—Ni—C alloys of the chemical compositions
listed in Table 1. The alloys were melted in
the vacuum induction furnace under protec -
tive argon atmosphere. The carbon concen -
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Table 1. The chemical composition of the
alloys

Alloy Ni C Fe
mass, % mass,% mass,%

Fe-30.5 %Ni-1.5 %C| 30.5 1.5 68.0

Fe—25.3 % Ni-0.78 %C| 25.3 0.78 | 73.92

tration was determined by chemical analysis
and the Ni content was measured by X-ray
fluorescence method. After surface clean-
ing, the ingots were aged at 1273 K in vac-
uum during 3 h. The 1 mm thick metal
plates were mechanically polished on abra-
sive material and chemically thinned. The
samples for Mossbauer spectroscopy were
the 20-25 pm thick foils annealed at
1373 K during 30 min and quenched in oil.
The Fe—-25.3 %Ni-0.78 % C alloy after an-
nealing at 1373 K was aged at 773 K in
vacuum during 2 h. The phase composition
was examined by X-ray diffraction. The al-
loys were in austenitic state after the heat
treatment. The microhardness was meas-
ured on 2 mm thick plates of the alloys
using standard equipment.

The mechanical surface treatment of the
alloys was carried out using two methods:
the power ultrasonics (UST and impact low-
frequency treatment (IST). The frequency of
ultrasonic generator was f = 20 kHz, the fre-
quency of magnetostrictor was f = 1-3 kHz,
the vibration amplitude was 20 pm. The
foils were treated in vacuum chamber dur-
ing 8 s. The Mossbauer spectra and micro -
hardness were measured and then the sam -
ples were treated again for 8 s. The tem-
perature was controlled during processing
and found to remain unchanged for 8 s
while its increase to 353 K was observed
during the treatment for 1.5 min. In the
IST, the frequency of impact was f=
0.78 Hz. The hammer mass was 78 g, the
drop height 20 cm. The IST was carried out
in air for 3.5 to 8 h. The difference be-
tween two treatment methods is associated
with different power transmitted by metal
cap to the sample surface, 24 J/s at UST
1-3 kHz and 0.15 J/s for IST.

The transmission Mossbauer spectra were
measured on MS1101E spectrometer (Rostov
na Donu) at room temperature. The °/Co
isotope in Cr matrix was used as gamma-ra-
diation source. The spectra were stored in a
multichannel scaler with 512 channels and
fitted according to least square fit routine
by Lorentz lines. The Window method was

102

< ﬁ/\ﬁ Fe,
c ol Fe, |
g
S 773K+ UST
2 14r E
2 1- 3 kHz
28 E
ot _
ok i
14} 16 s i
28 E
42f .
0 L 4
c)
141 24s ]
28 E
42t 1 1 1 1 1 ]
-8
V, mm/s
Fig. 1. Mossbauer spectra of the Fe—

25.3 % Ni—0.78 % C alloy after ageing at
773 K and UST for 8 s (a), 16 s (b), 24 s (c).

applied to approximate smeared spectra
with broadened lines [4]. The velocity cali-
bration was performed at room temperature
with a a—Fe foil. The accuracy of the veloc-
ity measurements was 0.008 mm/s.
Mossbauer spectra of the alloys after an -
nealing and mechanical treatment are
shown in Fig. 1, Fig. 2 and the hyperfine
parameters are listed in Table 2. The spec-
trum of the Fe—25.3 % Ni—0.78 % C alloy in
initial state is typical of such a composition
and consists of broadened singlet and dou-
blet. The broadened central line was fitted
by sextet with low hyperfine magnetic field
Hy=0.6 T (Table 2) following the approach
considered in [5]. As determined in [5], the
singlet 1 in Mossbauer spectra of the
austenitic Fe-Ni—-C alloys containing ap-
proximately 25 % Ni is attributed to Fe
atoms with no carbon nearest neighbors (nn)
(Feg) and the doublet 2 is related to Fe
atoms with one or two carbon nn (Feg).
The spectra for samples annealed at
1373 K and aged at 773 K are similar in
shape and a small decrease of intensity of
the doublet 2 after ageing was observed.
The decrease of the doublet intensity points
to clustering of interstitial atoms in
austenite. Note that new lines with quadru-
pole splitting lagged twice than for compo-
nent 2 were not detected in the spectrum.

Functional materials, 11, 1, 2004
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Fig. 2. Mossbauer spectra of the Fe—

25.3 %Ni-0.78 % C alloy after ageing at 773 K
and IST for 3.5 h (a), 7 h (b), 8 h (c).

Table 2. The parameters of Mossbauer spectra”

This means that atomic ordering as FesNiC
in the alloy does not occur after aging. The
structure of the Fe—25.3 %Ni—-0.78 %C
alloy spectra was not changed after UST
during 8 s (Fig. 1, a), however, the doublet
2 intensity was decreased (Table 2). The in-
creasing processing time to 16 s and 24 s
resulted in the decrease of total area under
the doublet by approximately 21 %. No
other subspectra which could be attributed
to structural transformations or atomic or-
dering were revealed.

The reduction of the doublet intensity in
the spectrum after UST is associated with
the decreased relative number of Fe atoms
having one or two C nn and could be ex-
plained as follows. The generation of the
crystal structure defects by power ultrason -
ics increases the mobility of interstitial
atoms resulting in their clustering. The C-
C pairs in the Fe-Ni—C austenite were re-
vealed in [5] and explained by the soft C-C
repulsion in the first and second coordina -
tion shells [6, 7]. In addition, the interac-
tion of interstitial atoms with vacancies and
dislocations produce segregations that may
decrease the number of Fes atoms.

Alloy | Treatment |Subspectrum | &, mm/s | 4, mm/s \H;, T +0.2| [is, mm/s |5 /%5 9% +0.5
+0.008 +0.008 +0.008 ' '
Fe— Ageing, Feq -0.038 0.00 0.60 0.252 81.10
25.8 %Ni—|T73 K, 2 h
0.78 % C Fec 0.004 0.660 - 0.232 18.90
UST, Feq -0.040 0.00 0.60 0.282 83.10
8 s
Feg 0.006 0.679 - 0.233 16.90
UST, Feq -0.036 0.00 0.60 0.282 84.80
16 s
Feg 0.007 0.683 - 0.232 15.20
UST, Feq -0.038 0.00 0.60 0.282 85.12
24 s
Feg 0.004 0.689 - 0.233 14.88
Fe— IST, Feq -0.041 0.00 0.60 0.282 85.45
25.3 % Ni— 3.5h
0.78 % C Fec 0.009 0.690 - 0.234 14.55
IST, Feq -0.038 0.00 0.60 0.282 85.73
7h
Fec 0.013 0.693 - 0.234 14.27
IST, Feq -0.044 0.00 0.60 0.282 70.66
8h
Fec -0.008 0.737 - 0.234 11.80
Fere 0.018 -0.001 33.5 0.368 17.54
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* H,, is the hyperfine magnetic field; J,, the isomer shift with respect to a-Fe; A, the quadrupole
splitting; s, the line width; S,/ z S,, the relative integral intensity of i subspectrum.

Another picture is observed under the
treatment of the Fe—-25.3 %Ni-0.78 %C
alloy foil by low-frequency IST. The spec-
trum shape depends considerably on the IST
duration (Fig. 2). The intensity of doublet
decreased by 23 % after the 3.5 h of IST as
compared to aged state and this effect is
similar to the result derived from foil after
UST (Table 2). Such a change results from
formation of carbon segregations on disloca -
tions arisen under the IST, which contrib-
uted into background and were not sepa-
rated in the spectrum.

The IST during 7 h did not principally
change the doublet intensity, however, the
traces of the sextet lines are appeared that,
in our opinion, corresponds to the martensi -
tic phase (Fig. 2b). In fact, the IST for 8 h
results in increased intensity of this sub-
spectrum with the magnetic field of 33.5 T
(Fig. 2¢). This field corresponds to iron
atoms in martensite [8, 9]. The amount of
martensitic phase estimated from the sextet
intensity was approximately 18 % (Table 2).
Attempts to increase the IST duration over
8 hr results in damage of foil due to the
heavy cold work and appearance of marten -
sitic phase.

The estimations show that the total num -
ber of impacts is N;gr = 22560 for 8 h IST
and Nygr = 72000 for 24 s UST. Thus, the
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martensite transformation in the
Fe-25.3 %Ni—-0.78 %C alloy induced by
IST occurs at room temperature, which is
higher than martensitic point M,. The ef-
fect of strain and stresses on martensitic
transformation was considered in detail by
G.B.Olson and M.J.Cohen [10] and de-
scribed by G.V.Kurdyumov [11]. As it has
been shown, the stresses favor the forma-
tion of martensite in micro-areas where the
martensitic nuclei would be appeared spon -
taneously under cooling without stresses.
The deformation creates new areas for ap-
pearance of the nuclei. The blocking of dis-
locations with carbon and martensitic phase
hardens considerably the alloy resulting in
localization of strain as the IST duration
increases and finally damaging the alloy
that was observed. Unlike the IST, the UST
does not change the phase composition of
the Fe—-25.3 %Ni-0.78 % C alloy and does
not damage the foil. We assume that this is
caused by more homogeneous distribution of
crystal structure defects after UST than
after IST and the absence of the strain lo-
calization.

In order to check this assumption, we
studied the UST and IST effect on the mi-
crohardness, phase composition, and hyper -
fine interactions in the Fe—-30.5 %Ni-
1.5 %C alloy with high C and Ni concentra-

Functional materials, 11, 1, 2004
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Fig. 5. Mossbauer spectra of the Fe-

30.5 %Ni—=1.5 %C alloy and the distribution
of the hyperfine magnetic fields after IST for
3.5 h (a,c), 7 h (b,d).

tions. The choice of this composition is as-
sociated with the fact that the hyperfine
magnetic structure is considerably devel-
oped in this alloy [12, 13] which could be
changed under the UST and IST. Moreover,
the martensitic point decreases below the
liquid nitrogen temperature due to the high
C and Ni concentration and the martensite
transformation does not occur under cool-
ing. Besides, the higher concentration of
carbon should result in more effective
strain hardening of the alloy.

The Mossbauer spectrum of the Fe-—
30.5 %Ni—1.5 % C alloy in initial state
after annealing at 1373 K is presented in
Fig. 3a. The spectrum shape differs from
that relating to the Fe—25.3 %Ni—0.78 %C
alloy by considerable developed magnetic
structure evidencing magnetic ordering. This
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spectrum was analyzed by the Window
method [4]. This means that the Curie tem -
perature lies above the room one. The mag -
netic measurements of the Fe—30.5 % Ni—
1.5 %C alloy have shown that T.= 438 K
[14]. The magnetic ordering in the alloy oc-
curs due to carbon dissolution and is char-
acterized by existing of structural and mag-
netic inhomogeneities [15]. The distribution
of the hyperfine magnetic fields is relatively
wide and lies within the range of 2-32 T
(Fig. 3d).

The microhardness measurements of the
Fe-30.5 % Ni—-1.5 % C alloy before and
after UST has shown that H,, increases
from 1594 MPa (1373 K) to 1946 MPa
(UST for 15 s) and to 2208 MPa (UST for
20 s) (Fig. 4). The data obtained point to a
surface hardening that may be attributed to
the strain hardening or to the martensitic
component appearance.

As is shown, the UST during 8 s corre-
sponding to the impact number 24000 and
the next 8 s (total 16 s) did not consider-
ably change the hyperfine magnetic struc-
ture of the spectra (Fig. 3b,c). This result
means that the phase composition of the
alloy is not changed. The distribution of the
hyperfine magnetic fields was changed on
the high-field side, which is shifted towards
larger values (Fig. 3e,f). Since a correlation
exists in Fe-Ni-C alloys between magnetic
order and atomic distribution [12, 13], the
observed change in p(H) curve points to the
more homogeneous atomic distribution in
the solid solution induced by UST.

In contrast, the Mossbauer spectrum of
the Fe—30.5 % Ni—1.5 % C alloy after IST is
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Fig. 3. Mossbauer spectra of the Fe—30.5 %Ni—-1.5 %C alloy and the distribution of the hyperfine
magnetic fields after ageing at 1373 K (a,d) and UST for 8 s (b,e), 16 s (c,f).

Functional materials, 11, 1, 2004

105



V.M.Nadutov et al. /| Mossbauer analysis of the ...

changed considerably as compared to its in-
itial state (Fig. 5a). The treatment results
in the spectrum narrowing even for 3.5 h
(Fig. 5a) and decreasing the mean magnetic
field value (Fig. 5b). The reason is the re-
distribution of carbon atoms between in-
duced defects and solid solution and the de-
stroying the short-range atomic order. The
new components was appeared in the spec-
trum after IST during 7 h (Fig. 5c¢) with the
magnetic field H = 133.5 T (Table 2) of this
subspectrum corresponds to martensitic
phase. The additional intense high-field
component corresponding to martensite, the
decreasing middle-field contribution and in-
creasing the low-field component relating to
austenite are observed in the p(H) function
after such a treatment (Fig. 5d). The
martensitic phase amount estimated from
integral intensity in the p(H) curve is 11 %
that is less by the factor of two than for the
Fe-25.3 % Ni—0.78 % C alloy after such a
treatment (Table 2).

Thus, the surface low-frequency defor-
mation of the alloy having the martensite
point below the liquid nitrogen temperature
results in martensitic transformation even
at room temperature. We assume that the
difference between UST and IST is associ-
ated with different defect structure and
with the energy transferred to metal sample
in these two cases. The estimations have
shown that for 8 h of IST, the energy is
3175 J while being 56.8 J for 24 s of UST.

Thus, as is established by means of Moss -
bauer spectroscopy, the UST and IST
change the hyperfine magnetic structure in
f.c.c. Fe—Ni—-C alloys resulting from redis-
tribution of interstitial atoms due to inter-
action with the crystal structure defects.
The UST in the considered mode does not
change the phase composition of the alloys
and increases the microhardness approxi-
mately by 40 % due to blocking of crystal
structure defects with carbon atoms. The
IST causes both atomic redistribution and
martensitic transformation in both Fe-—
25.3 % Ni—0.78 %C and Fe-30.5 % Ni-
1.5 %C alloys. The ultrasonic treatment is
more effective method for strain hardening
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of f.c.c. interstitial alloys than impact sur-
face treatment; this results from more ho-
mogeneous distribution of crystal structure
defects and their effective blocking with in -
terstitials.
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Meccoayepiscokuii anauiz crpykrypu Fe—Ni—-C cmaasis
MiCJ TePMiYHOI Ta yJIBTPA3BYKOBOI 00OpPOOOK

B.M.Haodymos, /|.B.Cemenos, €.0.Céucmynos, I' 1. Kysomuu

MeccbayepiBCbKY CIIEKTPOCKOIIiI0 BUKOPHUCTAHO MAJA JOCIIIMKEeHHS HA aTOMHOMY piBHI
aycrernitaux Fe—Ni—C cmiaBiB micas yabTpasByKOBOI Ta HU3bKOYACTOTHOI yJapHOI IMOBEPXHe-
Boi 06po6ox. BuBueno (aszoBuit ckiax i magroHky ctpykrypy 'K cmnasis Fe—30.5 % Ni—
1.5 %C ra Fe-25.3 %Ni—0.78 %C micasa marpiBamua mo 1373 K i 773 K y Bakyymi Ta
HacTymHOl ymapHOl yasTpasBykKoBoi 00pobkm (Y30) (f = 1-3 xI'm, ammiaitryma 20 MKM,
t = 8-24 c). PesynpraTu nmpoaHaIi3oBaHO y HNOPiBHAHHI 3 BIJIMBOM HU3BKOYACTOTHOI yHaap-
HOi moBepxHeBoi 00poOKu (YIIO) cmaaBiB. Ilicma Y30 mnpoanasizoBaHa MiKpPOTBEpAiCTh
criaBis.

Functional materials, 11, 1, 2004 107



