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Abstract

Borated austenitic stainless steel is used in nuclear industry due to the high neutron
absorption efficiency. The plasma, laser and electron beam welding experiments were used for
the study of the weld joints microstructure. The microstructure changes caused by welding
process were observed by light optical microscopy and transmission electron microscopy. The
microstructural characterization and microchemical analysis showed significant changes of
the phase composition in the weld metal mainly. The austenitic dendrites were surrounded by
eutectics, which were the mixture of the M2(C,B) and M23(C,B) borocarbides, o-ferrite and
austenite.
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INTRODUCTION
Austenitic stainless steels exhibit a stable or metastable face-centred cubic crystal structure
at room temperature and are the most favoured construction materials for various components
required in the chemical, petrochemical and nuclear industries (1-3). Boron containing

austenitic stainless steels known as borated austenitic stainless steels (BASS) has been widely
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used in the nuclear industry as reactor control materials in the nuclear reactor due to their ability
to absorb thermal neutrons (4-6).

Increased thermal neutron absorption cross-section of boron (B) leads to a wide-spread use
of B-containing materials, such as thermal-reactor control rods and burnable poisons in nuclear
power plants (4-6). BASS contain boron either alloyed or dispersed in the austenitic matrix.
According to their chemical composition and mechanical properties and based on ASTM
specification A887, BASS are classified to eight boron levels and two grades per type (4).
Typical boron content varies from 0.2 to 2.5wt. %.

The limited solubility of boron in austenitic matrix caused the formation of the intermetallic
compounds rich in Fe, Cr and Ni. The formation of intermetallic compounds in BASS is due to
a reduction in ductility and the formation of iron-boron eutectic phase. The heat of welding can
result in formation of low melting eutectic phase leading to liquation cracking in the heat
affected zone (HAZ) (4,5). The hot cracking tendency was found to be more pronounced with
boron content less than 0.5 wt. %.

There are only a few literature sources dealing with BASS and their weldability. In this
research article, we report the effect of laser welding, electron beam welding and plasma
welding processes on the microstructure of the weld joints. The resultant welds were
characterised using metallography and microstructural analysis by light optical microscopy and
transmission electron microscopy, respectively. The analysis was supplemented by the selected
area electron diffraction for the phase identification and energy-dispersive X-ray spectrometry,
which was used for the microchemical analyses of the secondary phases.

EXPERIMENTAL PROCEDURE

Three experimental steels of the chemical composition as shown in Table 1 were welded
by three different weld technologies.

Table 1: Chemical composition of the experimental steels
Sample Weld Chemical composition (wt.%o)
P technology C Mn Si P S Cr Ni B N Co
1d VE’IL?ZT‘Z 0.020 | 0.92 | 0.35 | 0.016 | 0.003 | 19.38 | 13.31 | 1.13 | 0.025 | 0.19
2d laser welding | 0.020 | 1.49 | 0.83 | 0.025 | 0.007 | 19.49 | 1252 | 1.11 | 0.013 | 0.070
g | electonbeam |y on | 957 | 055 | 0.026 | 0.001 | 18.40 | 12.20 | 1.24 | 0.022
welding

The plasma welding process was conducted according to the manufacturing-inspection
plan of SKODA JS a.s. The laser welding experiments were performed using SkW IPG YLS-
5000 fibre laser with 100 um optical fibre and 250 mm focal length. For the keyhole welds,
laser power in the range of 1.7 - 4 kW was used. The electron beam welding experiments used
voltage U, = 33 kV; current I; = 52 mA; welding rate v = 50 mm/s.

The samples for light optical microscopy (LOM) examination were polished up to fine
diamond (~3um) finish. The specimens were etched chemically for 60 s. using a solution of
10 ml H2SO4 + 10 ml HNOs + 20 ml HF + 50 ml distilled H20. Then the screening of
microstructures was done using NEOPHOT 32 light microscope equipped with the CCD
camera (7).

For the individual secondary phases identification, transmission electron microscopy
(TEM) of the dual stage replicas was utilised. Thin foils suitable for TEM observation were
prepared from each of the samples. Small discs of 3 mm in diameter and about 0.1 mm thick
were jet-electropolished in electrolyte HNOs : CH3OH = 3 : 7, at -10°C and 15V to obtain
transparent areas near the central hole. The jet-electropolishing was done by TenuPol 5. TEM
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observations were performed using JEOL 200 CX operating at 200 kV and Philips CM 300
operating at 300 kV equipped with energy-dispersive X-ray spectrometer (EDX), which was
used for the microchemical analysis. The analysis was supplemented by selected area electron
diffraction (SAED) for the phase identification (7).

RESULTS AND DISCUSSION

Light optical microscopy (LOM) Cross section macrographs of the laser beam weld joint
is presented in Fig.1. The microstructure of the welding joint characteristic regions of the
sample 1d is documented by Fig.2. The microstructure of weld metal (WM) exhibited a
solidification structure (Fig.2a). The austenite dendrites (light) were surrounded by a matrix of
iron-chromium-boron eutectic (dark). The ratio between dendrites and eutectic regions was
identical. Fig.2b shows the microstructure of the heat affected zone (HAZ). The microstructure
consists of the discontinuous precipitate regions and austenitic polyhedral grains. The
discontinuous precipitate regions are the results of the dissolution of the big boride particles in
the base metal (BM) during heating-up of the weld process and follow-up precipitation of
secondary phases during cooling. The microstructure of BM consists of polyhedral austenitic
grains with twinning typical for FCC microstructure and the big particles of boride (M2B). M
indicates that both Fe and Cr are present in the boride and borocarbide phases, respectively.
Very similar microstructures of the weld joints of the samples 2d (Fig.3) and 3d (Fig.4) were
observed by LOM. The found differences were in the ratio between the dendrites and eutectics
regions and the width of HAZ, too. The content of dendrites was around 60% and 40% of
eutectics in the case of the sample 2d. The content of dendrites was around 30% and 70% of
eutectics in the case of the sample 3d.
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Fig. 2 Microstructure of the weld joint of sample 1d: a) weld metal (WM), b) heat affected zone
(HAZ), c) base metal (BM) — observed by LOM
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Fig. 3 Microstructure of the weld joint of sample 2d: a) weld metal (WM), b) heat affected zone
(HAZ) c) base metal (BM) observed by LOM
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Fig. 4 Microstructure of the weld joint of sample 3d: a) weld metal (WM) b) heat affected zone
(HAZ), c) base metal (BM) — observed by LOM

Transmission electron microscopy (TEM) According to the results of LOM where
secondary phases in the characteristic regions of the weld joints were supposed, TEM
investigation was applied to identify the secondary phases. Figs.5 and 6 show the microstructure
of WM observed by TEM using extraction replicas, while Figs.7 and 8 show the character of
the microstructure observed by the thin foils. The mixture of the phases in the eutectic regions
was confirmed by TEM. The eutectic regions exhibited lamellar (Fig.5) or labyrinth (Fig.6)
morphology. The M2(C,B) and M23(C,B)s borocarbides, 5-ferite and austenite were confirmed
by electron diffraction (Fig.9 and Table 2, Fig.10 and Table 3) inside the eutectic regions.

The microstructure of HAZ is documented by Figs.11 and 12. TEM observation confirms
the supposition that heating-up causes dissolution of the big boride particles, and subsequently
the discontinuous precipitation of secondary phases occurred during cooling of the weld joint.
The lamellar structure was observed near to the partially dissolved big boride particles (Fig.11).
The precipitation of secondary phases at the austenitic grain boundaries was observed in HAZ,
too (Fig.12).

Flg 5 A detail of the eutectics regions in WM — Flg 6 A detail of the eutectics regions in WM —
secondary phases of different morphology were secondary phases of different morphology were
observed (TEM-replica) observed (TEM-replica)
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Flg 7 Mlcrostructure of WM (TEM thln f0|I) Fig. 8 A detall of the eutectics reglon in WM —
secondary phases with different morphology
were observed (TEM-thin foil)

— d-ferrite ——'austenite
Fig. 9 An electron diffraction pattern from Fig. 10 An electron diffraction pattern from
eutectic region. Indexing of diffraction patterns eutectic region. Indexing of diffraction patterns
follows from Table 2 follows from Table 3

Table 2: Solution of diffraction patterns of the 5-ferrite and secondary phase (Fig. 9)

White motive Blue motive
. . Table values of . . Table values of
Diffraction pattern s-ferrite Diffraction pattern Ma23(C.B)s borocarbide
dhii dhwi dhwi dhwi
No. 1 gm0 my | (1otomy | (MKD | No g0y (10 m) (hkT)
1 2.13 2.09 (110) 1 3.81 3.77 (220)
2 2.13 2.09 1o1) | 2 3.81 3.77 (202)
3 1.25 1.20 (211) 3 2.21 2.18 (422)
4 2.13 2.09 011 | 4 3.81 3.77 (022)
0112 60° (1101101 60° 0112 60° (220202 60°

Table 3: Solution of diffraction patterns of the austenite and secondary phase (Fig. 10)

White motive Blue motive
Diffraction Table values of Diffraction pattern Table values of

pattern austenite P M23(C,B)s borocarbide

dhki dhii dhki dhii
No. (.10-10 m) (.10—10 m) (h kl) No. (.10—10 m) (,10-10 m) (h kl)
1 2.06 2.09 (111) 1 5.18 5.33 (002)
2 0.83 0.83 (331) 2 2.11 2.05 (511)
3 0.75 0.74 (422) 3 1.80 1.80 (513)
4 0.81 0.81 (ﬁO) 4 2.12 2.05 (511)
P12 84° (P1-11/331 82.4° | o 77° (Po02/511 78.9°
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Fig. 11 A detail of lamellar region near the big Fig. 12 A detail of the particles at the austenitic
particle in HAZ (TEM-replica) grain boundaries in HAZ (TEM-replica)

The microstructure of BM observed by TEM is shown in Figs.13 and 14. The matrix
consists of polyhedral austenite with the heterogeneity of grains size. The grain boundaries are
pure without secondary phases. Big particles of irregular shape were observed in the austenitic
matrix (Fig.13). Size of the particles was in the range from 5 to 20um. The particles were
identified by electron diffraction as M2B boride.
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Fig. 13 A detail of extracted big particles in BM Fig. 14 A detail of austenitic grain boundary in
(TEM-replica) BM; the presence of dislocations and stacking
faults is typical for austenitic matrix (TEM-thin
foil)

The results of EDX analysis TEM analysis supplemented by the selected area electron
diffraction confirmed the presence two secondary phases: borocarbide M23(C,B)s and boride
M:2B. Therefore the precipitation of secondary phases was very intensive in the weld metal and
the heat affected zone, the experimental methods were extended by the energy-dispersive X-
ray spectroscopy, which was used for the microchemical analyses of the extracted particles in
the replicas. Figs.15 and 16 show the characteristic EDX spectrum of two main precipitated
phases. The results of EDX were very similar in the case of all analysed samples. The Fig.17
and Table 4 show the typical results of the EDX analysis.

The particles of the chemical composition: 54.9 £ 1.4 wt.% Cr, 440+ 1.4wt% Fea 1.1 +
0.2 wt.% Ni were observed in WM and HAZ. The particles with chemical composition: 18.7
wt.% Cr, 69.5 wt.% Fe a 11.8 wt.% Ni were analysed in HAZ randomly. In the austenitic matrix
the particles with the chemical composition 65.3 = 1.5 wt.% Cr, 33.9 + 1.3 wt.% Fe a 0.8 £ 0.1
wt.% Ni were observed in BM.
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Fig. 15 Characteristic EDX spectrum of Fig.16 Characteristic EDX spectrum of supposed
supposed borocarbide M23(C,B)s: 51.1 wt.% Cr, boride M:B: 65.6 wt.% Cr, 33.4 wt.% Fe, 1.1
47.9 wt.% Fe, 1.0 wt.% Ni wt.% Ni
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Fig. 17 Extracted particles from eutectics regions in WM; chemical composition of the metal
elements of individual particles is summarised in Table 4 (sample 3d, TEM — replica)

Table 4: Chemical composition of the metal
components of the particles in Fig. 16
No Chemical composition (wt.%0)
' Cr Fe Ni
1 53.9 44.1 2.0
2 51.4 46.4 2.2
3 51.2 454 3.4
4 65.6 34.4 -
5 54.9 43.8 1.3
6 52.5 44.6 2.9
7 51.0 46.7 2.3
8 52.7 44.7 2.6
9 53.7 44.5 1.8
10 54.8 42.8 2.4
11 54.3 44.1 1.6
12 51.0 45.8 3.2
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CONCLUSIONS

The following results may be drawn from the present study:

The microstructure of WM exhibited dendritic morphology. The austenitic dendrites were
surrounded by eutectics. The maximum of dendrite regions was observed in the case of the
sample 2d (around 60%). The eutectics was formed by the mixture of the following phases:
M2(C,B) and M23(C,B) borocarbides, 3-ferrite and austenite.

HAZs were relatively narrow in the case of all observed samples. The width of HAZ was
in the range from 20 to 50 um. Microstructure of the HAZ consisted of austenitic matrix
and lamellar regions, which were the results of discontinuous precipitation of the M2(C,B)
and My3(C,B) borocarbides. Precipitation of the secondary phases was observed at the
austenitic grain boundaries, too.

Microstructure of BM was very similar in the case of all analysed samples. The
microstructure of BM consisted of polyhedral austenitic grains and big particles of M.B
boride.
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