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ABSTRACT

Carbon migration from the lower-alloyed to the higher-alloyed steel takes place in welded joints of dissimilar steels, as a result
of difference in carbon chemical potential after tempering and in high-temperature service. Decarburization in the HAZ near-
weld zone of the lower-alloyed steel can lead to formation of service defects and subsequent failure. From mass transfer theory
it is known that in polycrystalline bodies the diffusion of interstitial elements, including carbon, occurs most rapidly along the
grain boundaries. Theoretically, reduction of carbon diffusion can be achieved by increasing the grain dimensions in the HAZ
near-weld zone that will lead to reduction of the overall grain boundary area per a unit of volume in this zone. This work is a
study of the influence of the angle of electrode inclination and welding current at deposition of austenitic metal on R91 steel on
the width of the decarburized interlayer, forming at subsequent tempering at the temperatures of 700 and 760 °C. It is shown
that the resultant decarburized interlayer becomes narrower with increase of the angle of electrode inclination and deposition

current.
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INTRODUCTION

Problems related to carbon migration from the low-
er-alloyed steel to the higher-alloyed one started aris-
ing from the beginning of application of combined
joints with austenitic stainless steels and respective
welding consumables in pipe systems of boilers in
1940s. First accidents were recorded in 1950s and ef-
forts were made to improve the equipment operation
mode and to understand the causes for this phenom-
enon. In 1960s there was an increase in application
of transition joints from austenitic materials for the
needs of boiler construction, particularly when the
steam temperature rose up to 566 °C. In 1970s and
1980s the scope of application and number of failures
of the transition welds increased. Numerous studies of
the causes for these accidents showed that carbon mi-
gration in welded joints of dissimilar steels at higher
temperatures is an important factor [1].

As ferritic steels have higher carbon content than
austenitic ones, the gradient of carbon concentration
in the zone of contact of these steels decreases from
ferritic towards austenitic steel. At higher tempera-
tures carbon diffuses in the direction of reduction of
the chemical potential gradient. It is important to note
that chromium lowers the carbon chemical potential
[2], while carbon content increases from ferritic-mar-
tensitic to austenitic steel. Therefore, the gradients of
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chromium and carbon concentration create a rather
abrupt gradient of chemical potential across the fu-
sion zone. More over, the coefficient of carbon diffu-
sion in ferrite is much higher, than that in austenite,
while the solubility is lower. These factors result in a
strong driving force for carbon diffusion from ferritic
to austenitic steel, leading to formation of a decarbu-
rized interlayer.

The decarburized interlayer has lower mechanical
properties, which can be characterized by hardness
reduction and high concentration of localized strain
measured during tensile testing [1]. An important as-
pect of degradation of the properties associated with
decarburization, is the loss of long-term hardening
mechanism, because of dissolution of M_.C., M.C,
carbides and MX carbonitrides [3] that decreases the
dispersion hardening. The recrystallization process
also eliminates the combined influence of dislocation
and subgrain-boundary hardening [4]. The conse-
quence is the possibility of fracture inside the decar-
burized interlayer [1, 5, 6].

In its turn, a carburized interlayer forms in the
higher-alloyed steel. In work [7], it was shown that
microcracks can initiate in such a carburized interlay-
er. Microcracks predominantly initiate in the transi-
tion zone and are intragranular.

This necessitates reducing the decarburized inter-
layer in dissimilar steel joints in high-temperature ser-
vice under creep conditions. It is general practice to
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Figure 1. Technique of cladding the plate edges by austenitic metal [13]

use nickel welding consumables to reduce carbon dif-
fusion. However, most of the researchers believe that
the traditional nickel-based materials (for instance,
Ni 6082, Ni 6182, Ni 6117, Ni 6625 to DSTU 1SO
14172) cannot effectively completely contain carbon
diffusion from martensitic steel into the weld, as most
of the nickel alloys used as welding consumable, con-
tain a large quantity of carbide formers, in particular
chromium [8-11].

The problem of containment diffusion-induced
carbon redistribution remains urgent and requires oth-
er approaches (methods) to solve it. In the first part of
the work [12] investigations were performed of the
influence of the modes of surfacing (heat input and
heating temperature) by an austenitic welding con-
sumable on development of the width of decarburized
interlayer in X10CrMoVNb9-1 (R91) steel at tem-
pering at 750 °C temperature for 7 and 18 h, and it
was clarified that the interlayer width after tempering
decreases with heat input increase; with increase of
heating temperature from 20 to 195 °C the width of
the interlayer after tempering also decreases, and then
starts increasing with heating up to 300 °C. Consider-
ing that the above investigations were performed us-
ing single-interlayer austenitic deposits on martensitic
steel surface, it was necessary to check the obtained
regularities on real combined joints.

The objective of the study was to verify the influ-
ence of the welding mode and technique (electrode
inclination angle) on decarburization kinetics in the
HAZ near-weld zone of the lower-alloyed steel in the
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Figure 2. Scheme of cutting up the deposit into templates
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combined welded joints after high-temperature tem-
pering.

INVESTIGATION PROCEDURE

Martensitic steel R91 (X10CrWMoVNb9-2 (1.4901)
to DSTU EN 10216-2:2016), containing 9 % Cr
(wt.%: 0.1 C; 0.34 Si; 0.47 Mn; 8.52 Cr; 0.28 Ni;
0.93 Mo; 0.2 V; 0.072 Nb; 0.06 N), was selected for
the experiments. Austenitic welding consumable Fox
CN 23/12 Mo-A (wt.%: 0.01 C; 0.63 Si; 0.73 Mn;
23.0 Cr; 13.1 Ni; 2.6 Mo) was chosen for surfacing,
to create an alloying gradient. Such butt joints can oc-
cur in welding boiler pipe systems, for instance, boiler
manifold from R91 steel with superheaters from aus-
tenitic steels.

Two different approaches to welding were used:

1) To assess the influence of welding technique,
namely angle of electrode inclination on decarburi-
zation kinetics single-pass deposits were made (to
eliminate the reheating effect) on R91 steel plates,
using Fox CN 23/12 Mo-A electrodes. Deposits were
made at small (~30°) and large (~90°) angles of incli-
nation. It was anticipated that each mode introduces
a different degree of overheating in near-weld zone
and is known to cause a reduction or increase of the
dimensions of coarse-grained microstructural regions
(Figure 1). A larger angle of electrode inclination pro-
motes greater heating of the near-weld zone and con-
trarily — lower heating is observed at a smaller angle
of inclination.

In both the cases surfacing was performed in the
following mode: I, =120A, U =24V, v ~4.5mm/s
at room temperature.

After deposition samples were cut into two tem-
plates (Figure 2). To intensify the processes of carbon
diffusion and formation of a decarburized interlayer,
they were tempered at the temperature of 700 °C for
7 and 18 h. As-tempered templates were used to pre-
pare sections, which were electrolytically etched in
H,CrO, for 15 s at the voltage of 10 V to reveal the
decarburized interlayer.
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Figure 3. Scheme of cladding and welding

2) To assess the influence of the welding mode on
decarburization kinetics in a real welded joint, two
test joints were made on plates from martensitic steel
R91 20 mm thick. Before welding the butt joints, the
edges of R91 steel were first surfaced with Fox CN
23/12 Mo-A austenitic electrodes of 3.2 mm diame-
ter in 4-5 interlayers. After surfacing the plate was
tempered at 760 °C, 2 h. The surfaced and tempered
edge was welded to O8Kh18NIO0T steel, using Fox
CN 23/12 Mo-A electrodes, at current | = 120 A,
with 60° groove angle (Figure 3). In order to ensure a
high-quality formation of welded joints, root welding
was performed from the reverse side of the butt after
filling the groove.

The need for high-temperature tempering at the
temperature of 760 °C in martensitic steel joints is at-
tributable to the fact that dislocation excess develops
in the HAZ of such steels after welding. In the pres-
ence of residual stresses, the high dislocation density
accelerates the processes of recovery and recrystal-
lization in steel that adversely affects the long-term
strength [4]. High-temperature tempering leads to
reduction of dislocation density and, thus, promotes
an increase of long-term strength in the low loading
range in high-temperature service.

Two surfacing modes were checked:

e with a small angle of inclination (~30°) at the
currentof I =110 A;

e with a large angle of inclination (~90°) at the
currentof I =130 A.

After welding, tempering at 700 °C for 14 h was
performed for part of the samples to simulate the ther-
mal impact in service (corresponds to ~16.8 thou h at
the temperature of 600 °C at conversion using Larsen—
Miller parameter [14]. After welding and tempering,
sections were prepared from the samples. The micro-
structure of welded joint metal was revealed by elec-
trolytic etching in chromic acid (U =10V, t =10 s).
Microhardness was measured in PMT-3 hardness me-
ter at 100 g load. Metallographic analysis was per-
formed using NEOPHOT-3 optical microscope.

In publications, for instance [15], the notion of
effective width of the diffusion interlayer is used,

which is determined by the shortest distance from
the saturation surface (for instance, fusion line) to
the measurement region. This width is character-
ized by established nominal values of basic param-
eter, which is taken to be either the diffusing ele-
ment concentration, or the property (hardness) or
structural feature, such as weak etchability of this
region. At the same time, it is rather complicated to
precisely determine the carbon content, using mod-
ern methods of elemental analysis (for instance, us-
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Figure 4. Scheme of plotting the histograms (adapted from [12])
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ing electron probe X-Ray microanalysis), because
carbon is a light element (Z > 10) [1].

Panoramic micrographs of the structure along the
fusion line were taken at x100 magnification, in order
to determine the average width of the decarburized
interlayer in the tempered deposits. From 8-9 (for
deposits) to 16—17 (for welded joints) micrographs
were obtained, depending on the length of the fusion
line. The area of the weakly-etched near-weld zone
and length of the fusion line were measured using
free ImageJ software [16]. Measurement results were
used to plot histograms for the case of variation of the
angle of electrode inclination at surfacing and of the
welding mode. Each bar of the histograms reflects the
interlayer width in a certain micrograph, the bars are
located in the order of filming and numbering of the
micrographs from the bead left edge to its right edge
(Figure 4).

Mean values of diffusion interlayer width P for
each bead (dash line in the histograms) were found by
the following formula

Z(pili)
pP= i=1 ,
2
i=1

where p, is the width of the diffusion interlayer (um)
in a certain micrograph (n is the total number of mi-
crographs for a certain bead); |. is the length of the
fusion line (um) in a certain micrograph i.

EXPERIMENTAL RESULTS
AND THEIR ANALYSIS

Figure 5 gives examples of micrographs of near-
weld zone of R91 steel in the deposits after temper-
ing at 700 °C, for 7 and 18 h, respectively, Figure 6

High angle of inclination ~90°

Low angle of inclination ~30° |

Tempering at 700 °C, 7 h

Figure 5. Example of micrographs to determine the interlayer width, depending on the angle of inclination after tempering, x100

(lower weld)

I = 130 A o= 90°

L= 110 A, o = 307

Tempering 760 °C, 2 h

Figure 6. Example of micrographs to determine the interlayer width, depending on welding mode after tempering, x100 (lower weld

below)
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Figure 7. Histograms of the dependence of decarburized inter-
layer width on parameters of the angle of electrode inclination in
the near-weld zone of R91 steel after tempering at 700 °C, for 7 h
(contour filled with gray colour) and at 700 °C, for 18 h (contour
filled with white colour)

are welded joint micrographs. A noticeable range of
variation of the decarburized interlayer width at the
same temperature holding can be seen in these micro-
graphs. Figure 7 shows the built by the above proce-
dure histograms of the decarburized interlayer width,
depending on the parameter of the angle of electrode
inclination after tempering at 700 °C for 7 and 18 h,
and Figure 8 presents histograms of the decarburized
interlayer width, depending on the surfacing mode in
the welded joint after tempering at 760 °C, for 2 h and
at 760 °C for 2 h + 700 °C for 14 h.

Additional measurement of microhardness in weld-
ed joints in the HAZ of R91 steel under the middle of
the second clad bead from the top was performed for
both the welding modes (Figure 9). The results show
that in the mode with lower current and higher decar-
burization a noticeable softening is observed in the
near-weld zone, as well as in the zone of critical tem-
peratures between A_, and A_,, compared to the mode
at a higher current and with lower decarburization. It
enables establishing a direct relationship between the
structural and mechanical characteristics of the metal,
as a result of carbon diffusion in the near-weld zone:

200

o
T

120 - J_L—L—| ﬁ[__IL._I_“'r_L l}
A ]_—r—L‘__“‘lerul—- ] . :_ HUEJ -
~|J—’ | -

Decarburized layer width, pm
o0
(=]

=

Iw=110A, a0=30° ks
Cladding mode

110 A, o =907

Figure 8. Histrograms of the dependence of decarburized inter-
layer width on the parameters of welding mode in the near-weld
zone of R91 steel after tempering at 760 °C for 2 h (gray coloured
contour)
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Figure 9. Microhardness in the HAZ near-weld zone of R91 steel
after tempering at 760 °C, for 2 h + 700 °C, 14 h
softening becomes greater with increase of decarburi-
zation visible in the micrographs.

The data obtained from the histograms agree with
investigation results, described in the previous paper
[12]: the rate of development of the decarburized in-
terlayer at tempering decreases at increase of the heat
input. This is related to the fact that at the tempera-
tures of high tempering and lower, diffusion along the
grain boundaries is the prevailing type of diffusion. At
surfacing at high mode parameters, the area of grain
boundaries per a unit of volume becomes smaller than
that in the metal with a deposit made at lower param-
eters, as a result of growth of primary austenite grain
in the near-weld zone that limits the grain-boundary
diffusion.

Grain-boundary diffusion is a complex process
which includes direct diffusion through the grain lat-
tice, diffusion along the grain boundaries, scattering
of the diffusing substance from the grain boundaries
and its subsequent infiltration into the grain lattice
around the intergranular boundaries [17]. Different
diffusion kinetics (or diffusion modes) can be ob-
served, depending on prevalence of one of these el-
ementary processes. Each mode prevails in a certain
temperature range and soaking duration at these tem-
peratures, and it also depends on grain dimensions,
lattice parameters and grain boundaries.

Type A
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d l

Fusion line
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J
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Decarburized region around the grain boundary

Grain bulk Grain boundary

Figure 10. Diffusion kinetics of type Aand B (using the data of [17])
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Figure 10 shows two of the three types of diffusion
kinetics classification.

KINETICS OF TYPE A

This kinetics is observed at high-temperature or long-
term soaking at higher temperature in materials with
small-sized grains. In work [18] it is shown that re-
alization of such kinetics requires that the diffusion
length Dt (where D is the coefficient of diffusion in
the lattice (m?%s); t is the time from the start of dif-
fusion (c)) was only a little larger than the distance
between the grain boundaries d:

x/ﬁzi

0,8

In such a case, the decarburized regions around the
adjacent grain boundaries overlap, and the decarburi-
zation front can capture the grain bulk.

KINETICS OF TYPE B

This Kkinetics is characteristic for materials after soak-
ing at lower temperatures and/or at relatively short
soaking duration in materials with sufficiently large
grain size. Under such conditions, diffusion length
Dt ahead of the grain body can become much small-
er, than the distance between the grain boundaries d.
At the same time, the width of near-boundary decar-
burized regions that is also calculated using VDt can
be much greater than the width of grain boundaries,
0. Therefore, the following condition is satisfied for
kinetics of type B:

6<<\/Ht<<d.

At this kinetics, decarburization takes place from
regions around the grain boundaries into carbon-de-
pleted boundary regions of the grains, where diffusion
has already occurred. However, unlike type A, the de-
carburized regions around adjacent grain boundaries
do not overlap in the grain bulk [17].

At increase of grain size, type A kinetics gradually
develops into type B Kinetics, so that any deviations
in grain size distribution in the HAZ near-weld zone
after welding, caused by different heat input, will re-
sult in different decarburization rate. These data show
that from the view point of the process of contain-
ment the decarburization, the coarse-grained struc-
ture has advantages over the fine-grained one. The
coarse-grained structure also has a positive effect on
long-term strength. This is attributable to the fact that
deformation and destruction at high temperatures of-
ten take place along the grain boundaries, which have
a large number of defects (vacancies, dislocations,
etc.): at higher temperatures and presence of stresses
elementary events of slipping and nucleation of cav-
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ities and microcracks easily occur along them, which
lead to decohesion of grain boundaries [4, p. 346].
Thus, while at low temperatures the high density of
grain boundaries (at fine-grained structure) promotes
deceleration of dislocation motion and alloy harden-
ing, at high temperatures, contrarily, the high density
of the boundaries facilitates accelerated softening of
polycrystalline metals. Therefore, coarser grain pro-
motes an increase of high-temperature strength [15,
p. 302].

The disadvantages of the coarse-grained structure
in the HAZ near-weld zone are lower ductility and
impact toughness, and in low-alloyed steels also the
susceptibility to formation of tempering cracks. How-
ever, in the case of R91 steel, it was reported that it is
not prone to temper cracking [4]. As regards impact
toughness, the most critical portion of martensitic and
ferritic steel joints is the region of the first cladding
interlayer: intensive dilution and mixing take place in
the first deposited beads with different ratios of the
melt of base metal with electrode metal. In particular,
nickel content in the mixed zone decreases in the di-
rection away from the melting zone to the less alloyed
base metal. In a certain point in the region of this
lowering the nickel content becomes too low to stabi-
lize austenite at cooling to room temperature, but the
relatively high alloying level in this zone promotes a
high hardness resulting in martensite formation there
[2]. In particular, performed impact toughness testing
in the first interlayer of both the deposits — at 110
and 130 A — showed that KCV value in this region
varies within 30 J/cm?. This zone, however, did not
make any negative effect on other properties in the
condition after welding and tempering — bend an-
gle of transverse samples was not less that 100°, and
fracture at static tensile testing of transverse samples
occurred in the austenitic base metal.

CONCLUSIONS

1. It is established that the width of the decarburized
interlayer in R91 steel, clad and welded by austenitic
welding consumable, which develops at tempering or
in high-temperature service, can vary at the change of
values of the angle of electrode inclination: interlayer
width decreases at the angle close to 90°, and increas-
es at reduction of the angle of inclination to 30°. The
width of the interlayer on samples made with angle
of inclination of 30°, is greater than that on samples
made with angle of inclination of 90°, after soaking
at 700 °C for 7 h — 1.89 times, and after soaking for
18 h — 1.24 times.

2. Metallographic investigations and hardness
measurements show that reduced decarburization
and softening in the HAZ near-weld zone of marten-
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sitic steel is observed after high-temperature temper-
ing in the real welded joint of martensitic and aus-
tenitic steels, clad in the higher current mode (up to
130 A) than in the joint clad in the lower current mode
(110 A). The width of the interlayer in the joints made
at 110 A current with angle of inclination of 30°, is
greater than that of the interlayer made at 130 A cur-
rent with angle of inclination of 90°, after soaking
at 760 °C for 2 h — 1.45 times; and after additional
soaking at 700 °C for 14 h — 1.29 times.
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