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HIGH RESOLUTION TRANSMISSION ELECTRON MICROSCOPY
STUDY OF CRYSTALLOGRAPHY AND MORPHOLOGY OF TiC
PRECIPITATES IN ARGON IRRADIATED 18Cr10NiTi STEEL
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This work encompasses identification of the crystal structure and analysis of the TiC precipitates in
18Cr-10Ni-Ti austenitic stainless steel under Ar-ions irradiation. High resolution transmission electron microscopy
(HRTEM) and energy dispersive spectroscopy (EDS) are used. Orientation relationship of TiC particles in
surrounding matrix are indicated by HRTEM and diffraction patterns. The size of the precipitates is found to be
critical: the coherency of TiC is kept at the interfaces when the precipitate is in the stage of nucleation, whereas the
growth of precipitate up to 10 nm can lead to the loss of coherency in the austenitic steel. The findings suggest that
the incoherent precipitate-matrix interface is an important point defect sink and contributes to inert gas bubble

formation at elevated irradiation temperatures.
PACS: 52.40Hf, 28.52Fa, 68.49Sf, 79.20Rf

INTRODUCTION

Generally, the irradiation in most reactors occurs at
elevated temperatures. The combined effect of
temperature, increased concentration of defects and
radiation-induced segregation results in precipitation of
second phases in austenitic stainless steels [1, 2].
Various phases have been observed including ferrite,
several carbides, borides and phosphides, o (sigma),
y (chi) and Laves phases, as well as G and n (eta)
silicide [3]. It should be noted that several of these
phases (M»3Cs, MeC, G-phase) represent fcc structures
with similar lattice spacings (1.06...1.1 nm, very close to
three times that of the austenite matrix).

The precipitation behaviour of transition-metal
carbides, designated as MX, such as VC, NbC, and TiC,
has been extensively investigated in steels for several
decades. TiC precipitation in austenitic steels is one of
those responsible for the radiation stability of irradiated
stainless steels. These precipitates can accelerate point
defects recombination at the interfaces, change the
ability of dislocations to absorb point defects. Their
stability is decisive for the swelling resistance in steels
of this type [1].

Regarding to the development of helium porosity,
TiC precipitation due to their greatest positive
dimensional mismatch in comparison with the matrix
can cause the appearance of a flux of vacancies. A
strong vacancy supersaturation of MX-type precipitates
in combination with the migration of helium leads to the
formation of vacancy cluster — helium bubble
complexes on the surface of MX precipitates. The
course of these processes depends to a large extent on
the coherence of precipitates.

It was shown [4] that argon can be used as an
analogue of helium in implantation-and-annealing
experiments, provided that the doses are adjusted so that
the gas concentrations are equivalent.

Since segregation caused by radiation can modify
the composition of the precipitate and the surrounding
matrix, the measurement of precipitate lattice constant
in the TEM by itself may not be definitive for phase
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identification. Image processing by Fourier mask
filtering in high resolution TEM images is widely
employed in producing a contrast enhanced image and
is achievable through application of a suitable spatial
frequency filter in the Fourier space of a digital electron
micrograph [5].

The main focus of this study is to understand the
structure and the orientation relationship of the TiC
precipitation with respect to the matrix of 18Cr10NiTi
austenitic stainless steel irradiated with Ar-ions by using
high resolution transmission electron microscopy and
performing serial processes such as Fast Fourier
Transform (FFT), Fourier mask filtering and inverse
FFT (IFFT).

MATERIAL AND METHODS

In this study samples of 18Cr1ONiTi austenitic
stainless steel for TEM studies were prepared as disks
of 3 mm in diameter. Thin foils were obtained by
mechanical thinning of the disks down to 130 pm
followed by electropolishing and short-term annealing.
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Fig. 1. The depth distribution of damage and
concentration of Ar atoms calculated with SRIM for
18Cr10NiTi irradiated by 1.4 MeV Ar ions to a dose of
1-10"" cm™. The dotted lines indicate the analysis area
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Irradiation experiments were conducted in the
accelerating-measuring system “ESU-2” [6]. The
samples were irradiated with a 1.4 MeV Ar” ion beam at
irradiation temperatures of 600 °C. Calculated by SRIM
2008 [7] depth distribution profiles of damage and
concentration of Ar atoms implanted in 18Crl10NiTi
steel to a dose of 1-10*" cm™ are shown in Fig. 1.

The damage calculations are based on the Kinchin-
Pease model (KP), with a displacement energy for each
alloying element was set to 40 eV, as recommended in
ASTM E521-96 (2009) [8].

To remove a specified depth layer of material from
irradiated side of the sample the electro-pulse technique
was used and then TEM studies were carried out [9].

Samples  were investigated in  JEM-2010
microscope. As is known, when the phase information is
extended beyond the point resolution of the electron
microscope, the phase contrast will not be intuitively
coincident with the atomic potential of the specimen
[10]. An image does not reflect correctly the atomic
structure of the sample; therefore, it is necessary to use
a special method for reconstructing the image of the
atomic structure of the material. A fairly simple

approach is to apply a virtual aperture by applying a
Fourier mask filtering technique to the experimental
diffractogram, which determines the phase information
limit that does not exceed the microscope point
resolution.

High resolution TEM images were evaluated using
FFT. ImageJ and Digital Micrograph were used for
interplanar ~ distances and  interplanar  angle
measurements [11]. Selected area (electron) diffraction
(SAD) was performed to obtain the diffraction pattern
and to identify crystal structures and examine crystal
defects. X-ray EDS equipped with TEM was used to
identify the chemical composition of the precipitates.
Microstructural and precipitates parameter data were
extracted using conventional techniques conducted on
JEM-2100 TEM, employing standard bright-field
techniques.

RESULTS AND DISCUSSION
TEM observations of 18Crl10NiTi steel in the as
received conditions indicated three variants of the TiC
precipitates with the sizes that vary from ~150 to 5 nm

(Fig. 2).

Fig. 2. Precipitates with sizes of ~150 (a), 30 (b), and 5 nm (c) in initial structure of 18Cr10NiTi steels

Fig. 3 shows TEM micrographs of 18Cr10NiTi steel
samples irradiated with Ar* ions to average dose of
50 dpa at 600 °C. In the depth-layer 500...600 nm from
irradiated surface, irradiation-induced argon bubbles

were observed in matrix. The average bubble size was
determined as ~8 nm; bubbles distribution appears to be
almost uniform throughout the material (see Fig. 3,a,b).
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Fig. 3. Micrographs of the steel under 1.4 MeV Ar” irradiation at 600 °C. Bright-field image showing the
precipitate with interfacial argon bubbles and different cut patterns of their surface during electropolishing (a, b).
X-ray EDS of precipitates TiC (c). Dotted circle —analysis area



In turn, large precipitates of about 150 nm in size
with different cut patterns of their surface during
electropolishing after argon ion irradiation is covered
with bubbles about 2 nm in size. The precipitates have
the composition TiC with a small amount of
molybdenum (see Fig 3,c). Argon is registered in the
spectrum recorded from the surface of the precipitates.
This allows the small bubbles to be identified as argon
ones. The observed density of these small bubbles was
high enough to completely cover the surface of the
precipitate with one layer (see Fig. 3,b). To determine
the mechanism of this phenomenon, it is first necessary
to examine the microstructure of precipitates before
irradiation and define their degree of coherence.
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Fig. 4,ab shows bright-field image of large
precipitate and electron diffraction pattern from it and
surrounding matrix. Dark-field image of the precipitate
and its EDS is presented in Fig. 4,c,d, respectively.
Chemical composition corresponds to TiC precipitate.
Fig. 4,e,g shows High Resolution TEM (HRTEM)
observations at the interface of TiC precipitate in the
austenitic matrix.

To examine the lattice match between the precipitate
and the austenitic matrix the FFT was applied (see
Fig. 4,f) and noise of the lattice was filtered out.
Thereafter, an inverse FFT was performed (see
Fig. 4,h,i).
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Fig. 4. Bright-field image showing the TiC precipitate (a); an electron diffraction pattern from TiC particle and
matrix (b); dark-field image of the TiC precipitates (c); EDS of precipitate (d); HRTEM image (e) and FFT image
obtained from HRTEM (f); high magnification of precipitate-matrix boundary (g); inverse IFFT images
corresponding to TiC (h) and the matrix (i)



Fourier transforms allow to identify the periodic
component of images, so they are often used for image
analysis and filtering. The consequence of a Fourier
transform on a real image is a complex image that is
symmetrical around the center. Masking is usually
performed with the following sequence — the Fourier
transform on the image in real space, mask off the
desired frequencies in the frequency space, followed by
the inverse Fourier transform on the masked image [11].
Both TiC phase and y-Fe matrix had zone axis [110]
according to FFT, IFFT, and diffraction patterns.

Interplanar  distances of TIiC are dy;=
(0.24+0.01) nm and dygo = (0.21+0.01) nm. Interplanar
distances of y-Fe matrix are dj;; = (0.20+£0.01) nm and
dago = (0.17+£0.01) nm. The TiC precipitate and matrix
lattices are rotated by 30° (see Fig. 4,b,f). The deviation
of TiC orientation from matrix by more than 5°, its dark
contrast in BF and DF images indicate the incoherence
of the interface [12].

It should be borne in mind that a coherent interface
arises when two crystals match perfectly at the interface
plane so that the two lattices are continuous across the
interface. This can only be achieved if, disregarding
chemical species, the interfacial plane has the same
atomic configuration (orientation, interplane distance) in
both phases, and this requires the two crystals to be
oriented relative to each other in a special way.

The strains associated with a coherent interface raise
the total energy of the system, and for sufficiently large
atomic misfit, or interfacial area, it becomes
energetically more favorable to replace the coherent

interface with a semicoherent interface in which the
disregistry is periodically taken up by misfit
dislocations.

When the interface plane has a very different atomic
configuration in the two adjacent phases, there is no
possibility of good matching across the interface. The
pattern of atoms may either be very different in the two
phases or, if it is similar, the interatomic distances may
differ by more than 25%. In both cases the interface is
defined as incoherent [12].

Thus, for a large precipitate, the elastic energy is a
major contributing factor since it is volumetric, which
facilitates the evolution of the precipitate towards
incoherence in order to reduce the free energy.
Contrary, in the case of small precipitate, the elastic
energy is not important and the precipitate remains in
the coherent state [13].

A very fine precipitate which has a well-defined
orientation relationship with the matrix produces a
moiré pattern readily when it is embedded in the matrix.

Fig. 5 shows a typical TiC morphology in the
presence of moiré fringes. The moiré fringes appearing
at the precipitate are the product of the interference of
the [110] TiC and the [110] austenitic y-Fe reflection in
terms of their spacing and orientation. HRTEM images
indicate that atomic planes of matrix and the particles
are well aligned. In this case, when the precipitates are
coherently combined with the matrix, argon bubbles do
not grow on them (see Fig. 5,a).
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Fig. 5. HRTEM image of TiC precipitates with the sizes ~ 10 nm and bubbles (a); EDS of precipitate (b);
HRTEM image of moiré fringes of TiC in matrix (c); HRTEM image with IFFT area (d); FFT image obtained from
HRTEM (e), and IFFT images corresponding to TiC and the matrix (f)



Theoretical calculated and experimental measured interplanar distances and moiré fringes for y-Fe and TiC

Phase | Calculated, nm | Measured, nm
Interplanar distance for y-Fe (fcc structure, lattice parameter a = 0.36 nm)
y-Fe [111] 0.21 0.19...0.21
y-Fe [200] 0.18 0.16...0.18
Interplanar distance for TiC (fcc structure, lattice parameter a = 0.43 nm)
TiC [111] 0.25 0.23...0.25
TiC [200] 0.22 0.20...0.22
Moir¢ fringe
y-Fe [111] & TiC [111], 0° 1.28 1.28...1.36
y-Fe [200] & TiC [200], 0° 1.11 1.07...1.16

Interplanar distances were measured from HRTEM
images. Table shows theoretically calculated and
experimentally measured interplanar distances and
moiré fringes for y-Fe and TiC in Figs.4,5. The
experimentally measured interplanar distances and
moiré fringes are in very good agreement with the
theoretical values for y-Fe and TiC along [110] zone
axis.

Large TiC particles apparently accumulate a lot of
argon generated in the surrounding matrix during
irradiation to form a fine and concentrated dispersion of
bubbles at or near the interface.

The susceptibility of TiC precipitates to trap argon
atoms appears to be associated with the size of the
precipitates. The coherency of TiC is kept at the
interfaces when the precipitate is in the stage of
nucleation. The growth of precipitate can lead to the
loss of coherency when the inclusion size (L) is larger
than a critical value (Lc). For example, Wei et al.
suggested a critical size of 7 nm for transition from a
coherent interface to a semi-coherent interface of a TiC
carbide in ferrite [14].

The large positive discrepancy between this
precipitation in comparison with the matrix causes the
appearance of a flux of vacancies, stabilizing the
complex of the vacancy-TiC precipitation that grows
during irradiation. A strong vacancy supersaturation
near precipitates of the MC type in combination with
the migration of argon in a complex with vacancies
leads to the formation of argon bubbles on the surface of
TiC precipitates (see Fig. 3).

A decrease in the concentration of vacancies in the
matrix adjacent to the MC precipitates, together with the
accumulation of argon, should support the processes of
nucleation of many small pores and the redistribution of
fluxes of point defects to these sinks.

Careful examination of precipitation process and
matrix relation with particles would help to improve the
basic austenitic steels. According to [15], the lattice
coherency of the particles with the surrounding matrix is
important for strengthening mechanisms. On the other
hand, the observed trapping of helium or argon at the
interfaces of precipitation suggests that these particles

may be able to
embrittlement.

reduce high-temperature helium

CONCLUSIONS

In the present study, we applied the methods of
HRTEM FFT, Fourier mask filtering and inverse FFT
(IFFT) to investigate the structure and the orientation
relationship of TiC precipitation with respect to the
matrix of 18Cr10NiT austenitic stainless steel and to
understand the role of precipitates in the behavior of
gas bubbles under irradiation with Ar-ions.

It has been established that the size of the
precipitates is critical. The coherency of TiC is kept at
the interfaces when the precipitate is in the stage of
nucleation. The growth of precipitate can lead to the
loss of coherency when the precipitate size is larger
than 10 nm in the austenitic steel.

The large positive discrepancy between this
precipitation in comparison with the matrix causes to
form a fine and concentrated dispersion of bubbles at
or near the interface precipitates — matrix under argon
irradiation.
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HCCJIEJOBAHUE KPUCTAJVIOTPA®UA U MOP®OJIOTUH TiC-IPEHUIIUTATOB
B OBJIYYEHHOU APTOHOM CTAJIA X18H10T C IOMOLIbIO
JEKTPOHHOM MUKPOCKOIIMA BEICOKOI'O PA3SPEIIEHUSA

A.C. Kanvuenko, C.A. Kapnos, I'.JI. Toncmonyukasn

[MpoBenensl uaeHTUHUKALUS KPUCTAIIMYECKOH CTPYKTyphl M aHanu3 BbiaeieHuid TiC B aycTeHHTHOI
Hepxaseromied cramu X18HI0T mpu oGmyuennn nonamu Ar. VCHOdb3yIOTCS HPOCBEYHBAIONIAS AIICKTPOHHAS
MHUKpocKomusi ~ Beicokoro  paspemenus (IIDMBP) wu  sHepromucnepcuonnass — cnekrpockorus — (DC).
OpuentannonHsle oTHomeHus 4Yactul TiC B OKpyXammled MaTpuile IokazaHel ¢ nomompio [IOMBP u
JupakTorpaMM. Y CTaHOBICHO, YTO pa3Mep BbIISNCHHI KPUTHYEH: KorepeHTHOCcTh TiC coxpaHsieTcs Ha TpaHHIax
paszgena, KOrja BBIIEICHHUE HAXOAUTCS Ha CTAaUM 3apOKICHUSA, TOrJa Kak pOCT BblAeneHHA 10 10 HM MoxkeT
HNPUBECTH K MOTEPE KOIePEHTHOCTH B ayCTEHUTHOH cranu. IlonmydeHHBIE NaHHBIE CBHJETEILCTBYIOT O TOM, YTO
HEKOTE€PEHTHasl TpaHWIa pa3/eNna BbIACICHHE—MaTpHLa SIBJISETCS BAXXHBIM CTOKOM TOUYCYHBIX AE(PEKTOB |
CIOcoOCTBYET 00pa30BaHMIO Iy3bIPHKOB HHEPTHOTO T'a3a MPH HOBBIIIEHHBIX TEMIIEPATypax oOIydeHusI.

JOCHIIKEHHA KPI/IQTAJIOFPA@Ii TA MOP®OJIOTT TiC-TIPELIUIIITATIB
B OIIPOMIHEHIN APTOHOM CTAJII X18H10T 3A 1OIIOMOI'O1O
EJIEKTPOHHOI MIKPOCKOIIII 3 BUCOKOIO PO3AIVIBHOIO 3IATHICTIO

0.C. Kanvuenxo, C.0. Kapnos, I' /. Toncmonyuvka

IIpoBeneno imeHTH(DIKALIIO KPUCTATIYHOT CTPYKTYpH Ta aHamii3 BuaiieHs TiC B ayCTeHITHIN Hep)kaBirouiil cTaji
X18H10T mix onpoMiHeHHAM ioHaMH Ar. BUKOPHCTOBYIOTBCSI TpaHCMICiiHA €EKTPOHHA MIKPOCKOIIiS 3 BUCOKOIO
posmineHoto 3maTtHicTIO (TEMBP3) Ta eneprogumcnepciitHna crnektpockomisi (EJIC). OpieHTariiina 3anexHiCcTh
gactok TiC y maBkoimmHii Marpuili BkasyeTbcs TEMBP3 ta maudpaxmiiianmum xaptuHamu. BcranoBneHo, 1o
PO3MIp BHUAIJIEHb € KPUTHYHUM: KorepeHTHICTh TiC 30epiraeTbcsi Ha MeXax po3/ily, KOJIM BHJIUICHHS 3HAXOIUTHCS
Ha crajlil 3apO/PKeHHs, TOXI SK 3pOCTaHHS BUAUIEHHS 0 10 HM MOXe NPU3BECTH /10 BTPATH KOTE€PEHTHOCTI B
ayCTeHiTHiN cTayi. BUCHOBKH CBig4aTh Ipo Te, [0 HEKOT€PEHTHA MeXKa PO3IUTY BUIAUICHHSI—MATPHIS € BaXKIHMBUM
CTOKOM TOYKOBHX JA€(EKTiB i CHpHs€ yTBOPEHHIO OynbO0aIIOK iHEPTHOTO rasy HpHW IMiJIBHIIEHUX TEMIIEpaTypax
OTIPOMIHEHHSI.



