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ABSTRACT

Purpose: This paper aims to assess a separate influence of heat input and base metal grain
size on microstructural evolution in the weld adjacent zone of bainitic steels with 1.5...2.0% Cir,
welded or overlayed with consumables with 9% Cr after post-weld heat treatment.

Design/methodology/approach:Analysis ofthe widthofdecarburisedlayeronmicrophotographs
of welded or overlayed specimens after tempering at 750°C. Specimens were made by using
different welding approaches: single-pass welding, multi-pass welding and overlaying.

Findings: It is shown that with an increase of the heat input energy, the width of the resulting
decarbonised layer decreases linearly; the increase of the base metal grain size leads to a
decrease in the layer width after tempering at 750°C. The microhardness testing showed the
average hardness in the decarburised layer of 15Kh2M2FBS steel was 161 HV0.1 (minimum -
154 HVO0.1), while the average hardness in the rest of the heat-affected zone was 192 HV0.1.

Research limitations/implications: Future research may include comparing the creep
rupture strength of the weldments made with different welding parameters or base metal grain
size to assess the influence of these factors on creep rupture strength.

Practical implications: Results permit to achieve minimisation of the rate of carbon diffusion
in the weld-adjacent area of the heat-affected zone by means of variation of welded parameters
and base metal grain size.

Originality/value: An influence of high-diffusivity paths (grain boundaries) on carbon diffusion
in the heat-affected zone of dissimilar weldments was confirmed experimentally; the correlation
between base metal grain size/welding parameters and the rate of the diffusion during high-
temperature exposure was found.
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The main thermodynamic cycle of thermal power plants,
used in modern thermal power generation, is the Rankine
cycle with superheated steam. To implement this thermal
cycle, different sections of the steam-water circuit at a power
plant must have different temperature and pressure
parameters of the working fluid. In order to make the
construction of the power plant cheaper, sections with lower
steam parameters are made of low-alloyed bainitic steels
with 0.5-2.25% Cr (water wall tubes, operating at
temperatures of 550-580°C) and martensitic steels with 9-
12% Cr (upper sections of water wall tubes, headers, main
steam pipelines) for temperatures up to 625-630°C. Sections
with higher steam parameters are made of more expensive
austenitic steels (superheater and reheater tubes, operating at
temperatures up to 660-680°C) [1]. To implement a closed
steam-water circuit, these areas are combined by welding,
forming joints of dissimilar steels. Thousands of welded
joints between low-alloyed and high-alloyed ferritic steels
can be found in a modern power plant, in particular, in welds
between upper and lower sections of water wall panels, in
cases of replacing old headers with headers made of new
steels, in sections of welded rotors, etc. [2].

Due to carbon migration a decarburised layer with
reduced hardness appears in such joints on the side of less
alloyed steel during heat treatment or high-temperature
service [2,3]. Chromium and some other carbide-forming
elements are known to lower the chemical potential of
carbon in the steel, thus promoting the diffusion of carbon
from less alloyed steel to a more alloyed one with higher
chromium content [3]. At the same time, it is possible to
observe the diffusion of carbon from areas with a lower
concentration of carbon to areas with a higher concentration,
even in a single-phase metal.

The effect of the decarburised layer on the long-term
strength of the joint has been the subject of debate for many
years. Most authors believe that the layer has a noticeable
effect on the mechanical properties of joints [4-9]. In
particular, it was noted that:

e carbon migration significantly reduces the nano-
hardness and yield strength of the decarburised layer,
which becomes the weakest area in the entire joint [10];

e with an increase in the operating temperature, the
probability of failure in the area of the decarburized layer
during high-cycle fatigue increases [11, 12];

o the decarburised layer significantly reduces the creep life
of'the weld at high stress levels; however, when the stress
level drops, this effect becomes less noticeable [13].

Under service conditions, two main types of creep
damage accumulation can occur in welded joints between
low-alloyed and high-alloyed ferritic steels. One mechanism
prevails for a longer time of failure at lower loads, the other
for shorter failure time and higher loads. The first process
refers to type IV cracking and is characterised by weakening,
accumulation of damage and crack initiation in the fine-
grained heat affected zone (FGHAZ) and the inter critically
heated region of the heat affected zone (ICHAZ) [14]. The
second process — type IIla crack formation — is characterised
by large local stresses and by accumulation of damage in the
decarburised layer in the heat-affected zone (HAZ) near the
fusion line [2,4]. Statistical data on cracks detected during
the inspection of power plants in Great Britain showed that
a significant number of defects (21% of all damaged joints)
were of type Illa, and the main reason for this was the
diffusion of carbon from low-alloyed steels to high-alloyed
steels in dissimilar joints [15].

However, in some works, no influence of the
decarburised layer on failure during mechanical tests was
noted [16,17].

Also, a carburised layer is formed in more alloyed steel.
It was shown [18,19] that microcracks can originate in the
hard carbonised layer. Such micro defects mainly originate
in the transition zone and have an intergranular character.
Some authors [20,21] pointed out that the critical factor for
the failures from carbon depleted zones is the interaction
between adjacent carburised and decarburised areas, which
provides extreme physical and chemical heterogeneity
across a narrow distance: microcracks originate in the
carburised zone and the presence of an adjacent
decarburized layer aids in crack propagation under stress.

To overcome the problem of carbon diffusion in the
joints of dissimilar steels, it was proposed to use nickel-
based welding materials, which have a low carbon diffusion
coefficient and thus prevent its migration from the ferritic
steel into the weld. However, since traditional nickel-based
materials (Alloy 82/182/617/625, etc.) contain a large
number of carbide-forming elements (Cr, Mo, Nb, Ti), their
ability to restrain carbon diffusion effectively is debatable
[22-24].

According to existing data [25], grain size could be
considered as one of the physical factors which affects the
rate of carbon loss of parent metal. The effect is stronger in
microstructure with smaller grains. Heat input could produce
an additional influence on the rate of development of
decarburized layer: it was shown [26] that in the case of
dissimilar weldments between martensitic (P91) and
austenitic steels, higher heat input leads to a lower rate of
decarburisation in the HAZ of P91 steel.
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The work aims to study the influence of the base metal
grain size and the welding heat input on the size of the
decarburised layer in the dissimilar welded joints of ferritic
steels after heat treatment. 15 Kh1M1F, 15Kh2M2FBS steels
and filler materials with 9% Cr were used as low- and high-
alloyed components of the joints. 15Kh2M2FBS steel (Ryo.2
= 628.8 MPa, Ry, = 750.0 MPa, A = 16.7%) is used for the
manufacture of turbine casings; it can be found in joints of
dissimilar steels when the turbine casing is connected with a
main steam pipeline made of P91 steel; 15SKh1MIF steel
(Rpo2 =447.8 MPa, R, =607.4 MPa, A = 17.4%) is used for
manufacturing the rims of turbine diaphragms, to which
turbine blades, made of steel with 12% Cr, can be welded.

The following approaches were used to obtain
experimental combinations and to model structural
heterogeneity:
1) single pass SAW welding of 15Kh2M2FBS steel using
wire with 9% Cr. The base metal sides of the joint
differed in the grain size: one side of the joint, which was
welded in the delivery condition, had a fine-grained
structure (grain size index G = 9 according to EN ISO
643); the other side of the joint was subjected to
preliminary heat treatment at 1200°C, 30 min (cooling in
air) + 730°C, three h to obtain a coarse-grained structure
(G = 4). The sides were then welded using Thermanit
MTS 3 wire (92.4 mm) under Bohler Marathon 543 flux;
welding parameters [ =360-380 A, U=34.4V,V =20.7
m/h (Fig. 1a).
The idea of this experiment and the next one was to
examine pieces with different grain sizes, which were
welded with identical thermal and welding parameters.
To develop structural heterogeneity after welding,
tempering was performed at a temperature of 750°C for 3
and 18 h.
2) multi-pass welding of 15Kh2M2FBS and 15KhIMI1F
steels using electrodes with 9% Cr; the sides of the joints
differed in the size of the base metal grains:
e in the weldment of 15Kh2M2FBS steel, one side —
delivery condition, G = 7; second side — G = 3 after
heat treatment (1200°C, 30 min + 740°C, 2.5 h).

e in the weldment of 15KhIMIF steel, one side —
delivery condition, G = 10; second side — G = 1 after
heat treatment (1200°C, 30 min + 740°C, 2.5 h).

The joints were welded using Thermanit Chromo 9V
electrodes (93.2 mm): I = 115...120 A, U = 24 V; preheat
and interpass temperatures were ~200...250°C (Fig. 1b).

After welding, heat treatment was performed at 750°C
for 6 and 12 hours.

3) overlaying with 9% Cr metal onto 15Kh2M2FBS steel
using Thermanit Chromo 9V electrodes. Two layers with
3-4 beads in each layer were deposited on a plate with a
thickness of 30 mm (Fig. 1¢). The overlaying parameters
were varied to assess the heat input influence on the rate
of carbon depletion in the HAZ. Heat input (heat input
per unit length of weld) HI was calculated using the
formula:

_nru
HI == (D

where ) is the efficiency of the welding method (took 1

= 0.85); I — current strength, A; U — arc voltage, V (took

U =24 V); V-welding speed, m/s.

Such two-layer depositions were made to simulate the
thermal effect on the base metal in the conditions of
multilayer welding.

Coarse['Weld) Fine
grain \metal/ grain

=1~
Single pass welding joint

Overlaying

Fig. 1. Schemes of single/multi-pass welded joints with
different grain size sides and overlayed plates

After surfacing, heat treatment was carried out at 750°C
for 6 and 12 h.

Actual HI values for three different parameters of
overlaying are shown in Table 1. For the first overlaying
mode (I = 135-140 A, V = 4.6x10 m/s) the average heat
input of the first layer was 613 kJ/m; for the second mode (I
= 100-105 A, V = 3.3x10” m/s) — 648 kJ/m, for the third
overlaying mode (I = 100-105 A, V = 7.2x103 m/s) —
291 kJ/m.

All metallographic sections, produced in the above
experiments were etched using a 5% HNOs solution (5 ml
HNO:s3, 95 ml ethyl alcohol, 1 g picric acid).
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Table 1.
Parameters of overlaying
. Layer 1 (directly overlaid on base metal) Layer 2 (additional, overlaid on layer 1)
Welding current, A Welding speed, x10°m/s  Heat input, kJ/m  Welding speed, x10°m/s  Heat input, kJ/m
4.7 599 4.5 626
135-140 4.4 640 3.4 828
4.7 599 4.9 575
2.9 725 3.5 600
100-105 34 618 2.9 725
3.5 600 3.3 637
7.8 269 8.2 256
7.1 296 7.2 291
100-105 7.0 300 7.3 288
7.0 300 7.8 269
Table 2.

Chemical composition of steels and welding materials

Chemical composition, wt. %

Steel grade/filler material

C Si Mn Cr Ni Mo A% Nb Others

15Kh2M2FBS 0.115 0.468 0.67 1.95 0.16 1.12 0.32 0.072 Cu0.15
15KhIMI1F 0.154 0.40 0.88 1.52 0.10 1.04 0.4 - -
Thermanit MTS 3 0.1 0.3 0.5 9.0 0.7 1.0 0.2 - -

Thermanit Chromo 9V 0.09 0.2 0.6 9.0 0.8 1.1 0.2 0.05 N 0.04

The chemical composition of steels and filler materials
used in the study is shown in Table 2. The use of filler
materials with 9% Cr is consistent with practical
recommendations, because welded joints with stronger weld
metal provide a longer creep life of weldments than joints
with weaker weld metal (as in the case of use of filler
materials with 2.25% Cr) [16,27,28].

2.1. The results of experiments and their analysis

The main preliminary objective for experiment No. 1
was to determine the width of the decarburised layer in the
weld-adjacent zone of HAZ in steels with different grain
sizes. The single run welding was chosen as the one, which
can produce empirically pure results, unaffected by the
influence of redeposition and reheating from additional runs.

In a single pass joint of 15Kh2M2FBS steel with
different grain sizes after tempering at 750°C for 18 h, the
formation of a wide ferrite layer with reduced hardness was
observed in the area away from the fusion line on the side
with a small grain size (Fig. 2). In contrast, such a layer was
not observed on the side with large grain size. It should be

noted that after tempering at 7500(: for three h,'no such Fig. 2. Panoramic microstructure of the HAZ of a single pass
layers were observed on the side of the weld with small weldment of 15Kh2M2FBS steel with large (G=4) and small
grains. The ferrite layer is formed approximately in the (G=9) initial grain sizes after tempering at 750°C, 18 h
fine-grained area and in the heated area of the HAZ. (magnification x25)

Influence of the base metal grain size and heat input on decarburization in single pass SAW and multi pass SMAW ... a
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Measurements of microhardness on both sides of the joint
also show that in the HAZ of small grain base metal, the
corresponding weakening is more noticeable; the hardness
significantly decreases in the area with a ferrite structure
(Fig. 3). The microhardness testing showed the average
hardness in the decarburised layer of 15Kh2M2FBS steel
was 161 HVO,1, the lowest hardness in this layer — 154
HVO0,1; the average hardness in the rest of the fine-grained
side of HAZ was 192 HVO0,1. The average hardness in the
HAZ of the coarse-grained side of the weld was 210 HVO, 1.

— 300k Weld | HAZ e-- coarse grain side

2 : »— fine grain side

* E

ﬁ _ base
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5 - meetal

(o] = ¥
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Distance from fusion line, mm

Fig. 3. Measurement of microhardness in a single pass
weldment of 15Kh2M2FBS steel with different grain sizes
in the state after tempering at 750°C, 18 h

After the objective for the experiment No. 1 was not
achieved, it was decided to repeat the experiment with multi-
pass weldments.

To quantitatively assess the influence of grain size in
multi-pass welded joints (experiment No. 2) after tempering
at 750°C for 6 and 12 h, metallographic sections were made
from the joints and panoramic micrographs of the HAZ near
the fusion line (with 4-5 micrographs, depending on the
thickness of the welded plates) were obtained for each type
of weldments using an optical microscope with
magnification x25 (Fig. 4). Microstructure data were
obtained using the free Image] software [29]: ferrite arcas
were converted into a black-and-white mask (Fig. 5), and the
area of the black-painted ferrite layer was estimated using
the "Histogram" tool in the Image] software; also
additionally the length of the fusion line was measured on
each photomicrograph using the "Measure" tool.

The idea of overlaying in experiment No. 3 was to
imitate multi-pass welding with different welding
parameters on a base plate.

Analogous panoramic images were obtained for
overlaying on 15Kh2M2FBS steel. After tempering at
750°C, 6 h, no development of ferrite layers was observed
in the samples deposited with a heat input of ~600 kJ/m;
however, in the sample deposited with HI = 291 kJ/m, the

Research paper ,

formation of ferrite microconstituents was observed in the
weld adjacent HAZ between weld beads (Fig. 6).

a)

15Kh2M2FBS

15Kh1M1F

Fine grain

Coarse grain
Fine grain

Coarse grain

Coarse grain
Fine grain

Coarse grain
Fine grain

Fig. 4. Panoramic micrographs of the HAZ of welded joints
made of 15KhIMIF and 15Kh2M2FBS steels after

tempering at (a) 750°C, six h and (b) 750°C, 12 h
(magnification x25)

M.O. Nimko, VYu. Skulskyi
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After tempering at 750°C, 12 h, the formation of ferrite
areas in the HAZ of 15Kh2M2FBS steel near the fusion line
is observed in all samples. Fragments of panoramic
micrographs are shown in Figure 7.

1=100-105A, V =7.2 mm/s (HI = 291 kJ/m)

Fig. 5. An example of converting a photomicrograph with a
decarburized ferrite area into a black-and-white mask

2000 pm
 —

Fig. 7. Examples of panoramic images of HAZ of
15Kh2M2FBS steel after tempering at 750°C, 12 h
(magnification of single images x25)

15Kh2M2FBS To estimate the amount of decarburisation, the concept
of the specific width of the decarburized (ferrite) surface S
was introduced, which was defined as the fraction of the
division of the total area of the decarburised zones A by the
total length of the fusion line L:

S= 2

A
L

Conditionally, this concept corresponds to the concept of
the average width of the decarburised layer (Fig. 8), which
can be used to determine decarburisation, for example, in
dissimilar welds of martensitic and austenitic steels [26], in

L e

: Overlain with 9 % Cr

e which the decarburised layer develops uniformly from the
fusion line during high-temperature exposure. However, it
Fig. 6. Development of a decarburised layer in the HAZ of was noticed that in low-alloyed bainitic steels, such as

15Kh2M2FBS steel, made with overlaying I = 100-105 A, ISKhIMIF or 15Kh2M2FBS, decarburisation during
V = 7.2 mm/s, after tempering at 750°C, 6 h (magnification tempering develops differently and is accompanied by the
x25 for the panoramic image and x63 for the bottom image) formation of ferrite areas of uneven width (Fig. 4, Fig. 9),

Influence of the base metal grain size and heat input on decarburization in single pass SAW and multi pass SMAW ... m
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which approximately develop along the fine-grained zones
of FGHAZ and ICHAZ from repeated welding beads and
can develop at a certain distance from the fusion line, with
an unaffected (by diffusion) zone between fusion line and
decarburised ferritic microconstituents (Fig. 9) ([30].
Therefore, a similar concept of the specific width of the
decarburised layer was introduced.

Average width of

layer P=A/L Area of layer A

Length of the fusion line L

Fig. 8. Determination of the average width of the layer

1| 15Kh2M2FBS

2000 pm
—

=+ | X10CrMoVNb 9-1

Austenitic weld with

Fig. 9. Comparison of the modes of decarburisation
development in low-alloyed bainitic 15Kh2M2FBS steel
after tempering at 750°C, 8 h (magnification x25) and
martensitic X10CrMoVNb 9-1 (P91) steel after tempering at
760°C, two h + 700°C, 14 h (magnification x100)

The results of measurements of the specific width of
decarburisation for joints of 15Kh2M2FBS and 15KhIMI1F
steels depending on the grain size (index) and duration of
exposure at a temperature of 750°C are shown in Figure 10.
There is a trend, observed separately for each steel grade on
the graph: with an increase in the grain index
(correspondingly, with a decrease in the average diameter of
the grains), the specific width of the decarburised layer
increases. After exposure for 6 hours, 15Kh2M2FBS and

15Kh1MI1F steels had different decarburisation kinetics,
which is reflected by different angles of inclination of the
corresponding graphs of the change in the width of the
decarburised layer depending on the grain size: oy > oy in
Figure 10.

1200 (| Soak time, h 6 |12 o
| 15Kh1M1F [ ] o ~

900 || 15Kh2m2FBS | | O st

600

300

Specific width of decarburized layer, um

Grain size index G

Fig. 10. Dependencies of the specific width of the
decarburised layer on the grain size of the base metal after
tempering at 750°C

After exposure for 12 hours, the value of the specific
width of the decarburised layer, depending on the grain size
index for both sheets of steel, begins to correspond to the
same linear law. The dash-dotted line on the graph is
constructed by the hour least squares method, taking into
account all values for both sheets of steel after exposure at
750°C for 12 hours.

It is known that the dependence of the width of a
diffusion layer on the duration of exposure at a constant
temperature agrees with the inverse parabolic law L = a -
vt [31]. However, as the experiments showed for the two
studied sheets of steel, this law of change in the width of the
decarburised layer L differs, probably, due to the
peculiarities of the microstructure. Thus, for 15Kh1MI1F
steel, the experimental values are more consistent with the
parabolic lawL = a - t? (Fig. 11a, black colour lines; the
interpolation line according to the lawL = a -+/t is shown
in grey colour for comparison), and for steel 15Kh2M2FBS
— with the law L = a -/t (Fig. 11b).

In Figure 12, the dependence of the specific width of the
decarburised layer on the overlaying heat input energy is
presented. It is shown that an increase in the heat input from
300 to ~600 kJ/m leads to a noticeable decrease in the width
of the decarburised zone after the same heat treatment,
which may be explained by grain coarsening in the weld-
adjacent zone of the HAZ (see Discussion section).
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Fig. 11. Dependencies of the specific width of the

decarburised layer on the grain size and the soak time at a
temperature of 750°C
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Fig. 12. Dependence of the specific width of the
decarburized layer on the heat input of overlaying in the
HAZ of 15Kh2M2FBS steel after tempering at 750°C, 12 h

Similar values of the decarburised layer width for
welding modes 1) I =135-140 A, V=4.6x103m/sand 2) I =
100-105 A, V = 3.3x10° m/s (having similar values of heat
input energy ~ 600 J/m and different values of current
strength and welding speed) indicate that heat input energy
is a decisive factor in determining the width of the
decarburized layer after welding and heat treatment.

Polycrystalline bodies, such as real steels, contain
several extended defects, including dislocations, grain
boundaries, pores, and surfaces. The diffusion coefficient D
in the crystal lattice or the above-mentioned defects of the
material depend on the degree of freedom that the diffusing
atom receives in a certain location in the material. Diffusion

through the lattice represents the most serious limitation
for atomic migration due to its close packing. Dislocations,
as extended defects in the lattice, restrict atomic movement
in the direction of the dislocation line less than the lattice.
High-angle grain boundaries, with their less densely packed
structure, contribute to fast atomic diffusion and surfaces
offer the least constraints to the motion of diffusing
atoms [32].

In most cases, the following ratio of the values of the
diffusion coefficients is realised in the metal body:

Dlattice << Ddislocation < Dgrain boundary < Dsurface

Diffusion through defect sites becomes more important
at low temperatures. For example, grain boundary diffusion
in polycrystalline materials plays a major role at
temperatures below 0.6 Trelting [32]-

While diffusion through regions with defects may occur
faster than diffusion through a defect-free bulk of the
material, the overall influence of this effect depends on the
relative number (density) of extended defects in the solid.
A decrease in the diffusion rate can be achieved by
increasing the size (diameter) of grains, which leads to a
decrease in the total area of grain boundaries per volume
unit. At temperatures of heat treatment and high-temperature
service in thermal power plants, diffusion through defects
(grain boundaries, dislocations) is of primary importance.
Under these conditions, a decrease in the area of grain
boundaries leads to a significant decrease in the flow of
diffusing atoms.

During welding, as a result of the effect of the thermal
cycle from the arc, zones with different grain sizes are
formed in the HAZ, which correspond to changes in
diffusion "resistance" of the HAZ (Fig. 13).

Each zone 1is represented by its characteristic
microstructure and properties [14]:

e Grain growth zone: this zone adjacent to the fusion line
experiences temperatures well above the Acs
transformation temperature. Any precipitates obstructing
the growth of austenite grains at lower temperatures
dissolve, resulting in coarse grains of austenite, forming
a bainitic/martensitic microstructure on cooling in lower
chromium steels. The coarse-grained zone (CGHAZ)
features the highest hardness of the HAZ and generally,
low toughness values are expected.

o Grain refined zone: lower peak temperatures of about
1100°C, just above Acs, result in an improper
development of austenite producing small austenitic
grains (FGHAZ). In addition, the peak temperature may
not be high enough to dissolve precipitates completely,
limiting the grain growth by pinning the austenite grain
boundaries. The fine grained region of the HAZ is
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regarded as the weakest link in weldments during creep-
loaded service. At longer service times and lower stress
levels, most of the weldments of creep-resistant ferritic
steels fail within this region by the so-called type IV
mechanism.

e Partially transformed zone — inter critical HAZ: peak
temperatures between Aci and Acs; transformation
temperatures result in a partial transformation of a into y
on heating. Partial dissolution of precipitates may be
experienced in this part of the HAZ, and coarsening of
undissolved precipitates can occur, especially during
subsequent PWHT. After cooling, a twofold
microstructure consisting of newly formed bainite (for
low chromium steels) and the tempered original
microstructure coexist. The inter critical HAZ shows a
small grain size and exhibits the lowest hardness values
in weldments. This sub-zone of the HAZ shows similar
susceptibility to type IV cracking as the grain refined
zone.

e Over-tempered region: with peak temperatures
experienced below Acl, the microstructure does not
undergo any phase transformations. However, the
original microstructure is locally tempered at higher
temperatures than the annealed base material. As a result,
coarsening of precipitates may be enhanced by a higher
diffusion coefficient at this temperature.

e Zone of unchanged base material: the zone of unchanged
base materials concerns temperatures up to circa 700°C,
in which changes in the morphology of constituents do
not appear to occur.

5 Solidified weld
3 Solid-liquid transition zone
o
o Coarse prior austenite grains + .
= fine prior delta ferrite grains Coarse grained
b HAZ
_:“3 Grain growth zone
* Fi ined
. ine graine
Grain refined zone HAZ

L Jnterchticalrzone.
Qver-tempered zone
i Unaffected BM

L

A RS LV
e O ]
NSOl aN

Heat affected zone

Fig. 13. The scheme of the distribution of subsections in the
HAZ of a welded joint depending on the temperature of the
thermal cycle of welding [14]

Bearing in mind the above theses, the obtained results
can be explained as follows.

In a single pass welded joint (experiment No. 1), the role
of a diffusion intensifier is performed by the top and bottom
surfaces of the side plates, which have a higher diffusion
coefficient Dyurrace. Where intensive decarburisation occurs
during tempering due to oxidation in the furnace atmosphere
(in these areas, there is a fluctuation in the width of the ferrite
layer — it becomes wider above and below in the joint, near
the side surfaces), and decarburisation, which develops
along the fine-grained zone of FGHAZ and ICHAZ, is far
from the weld metal. Kinetics of ferrite interlayer formation
is very well seen on thin single pass samples after heat
treatment (Fig. 14). It is important to note that even in the
case of thin samples decarbonization develops exactly along
the fine grain zone of normalising and inter critical
temperatures [30].

Fig. 14. Single pass weldments of 15Kh2M2FBS steel,
welded with 9% Cr electrodes, after tempering at 740°C, 4 h

In the HAZ of the multi-pass welded joint (experiment
No. 2) zones of refined grains/inter critical temperatures
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from weld beads go out not only on the surface of base metal
plates (Fig. 15a), but also on the fusion surface of the weld
(Fig. 6, Fig. 7, Fig. 15b), which also has the role of diffusion
intensifier due to the difference of chemical potential across
the fusion line [30]. These zones form a frame for spreading
ferrite interlayers (Fig. 15c), which help propagate ferrite
towards the weld-adjacent zone in the HAZ during extended
high-temperature exposure (Fig. 4b).

Fig. 15. Micrographs of the HAZ of welded joints made of
15Kh1MIF steel after tempering at 750°C, 6 h

Influence of the base metal grain size and heat input on decarburization in single pass SAW and multi pass SMAW ...

Volume 119 ¢ Issue 1 « July 2023

In the experiment No. 2, after welding, a coarse-grained
area of localised overheating occurs near the fusion line in
the HAZ, in which the grain size differs from the grain size
of the base metal and which, to a certain extent, affects the
decarburisation rate at the initial stage of high-temperature
exposure. It is assumed that under the influence of the same
welding thermal cycle on the base metal with different initial
grain sizes, the size of the formed grains in the coarse-
grained HAZ will keep the same order as the size of the base
metal grains: in the base metal with a large grain size the
coarse-grained HAZ will have larger grain sizes than the
coarse-grained HAZ in a fine-grained base metal. Therefore,
in both 15KhIMIF and 15Kh2M2FBS weldments after
tempering, when comparing the average width of the
decarburised layer in HAZ of sides with small and large
initial grain size, the rule that the side with a larger base
metal grain size has a smaller width of the layer, is
preserved.

The difference in the kinetics of the formation of ferrite
areas in the HAZ of 15Kh1MIF and 15Kh2M2FBS steels
after tempering at 750°C, six h (Fig. 10) can be explained
both by the differences in the chemical composition of the
steels and by the assumption that during welding in the HAZ
of 15Kh1MIF steel, a coarse-grained HAZ with a different
grain size gradient dG/dx or dD/dx is formed (where G is the
grain index, D is the average grain diameter, x is the
direction perpendicular to the fusion surface) than in the
HAZ of steel 15Kh2M2FBS. It is assumed that after
exposure to 750°C for 12 h, the formation of ferrite areas
begins to spread over the base metal, where the grain size
index has established values unaffected by welding;
therefore the dependence of the layer width on the grain size
becomes linearly proportional.

The results of experiment 3 are explained by the fact that
with increased heat input, a flatter thermal cycle causes a
longer stay of the metal of the weld-adjacent zone at grain
growth temperatures; the result is the formation of a wider
area with coarse grains in the weld-adjacent zone, which
should more strongly restrain the diffusion of carbon.

2.3. Suggested application

Deformation and fracture at high temperatures often
occur along grain boundaries. This is explained by the fact
that diffusion processes easily proceed along the grain
boundaries containing many defects (vacancies,
dislocations, etc.). When stresses are absent, diffusion
displacements of boundary atoms are not directed. In the
presence of even small stresses, these displacements of
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atoms, especially at the grain boundaries, acquire a directed
character, which contributes to the creep of the metal. In the
creep process, one grain moves relative to another along the
surface of their separation, the so-called sliding. Thus, if at
low temperatures the grain boundaries slow down the
movement of dislocations and strengthen the alloy, at high
temperatures, on the contrary, they contribute to the
accelerated softening of polycrystalline metals. Larger
grains increase high-temperature strength, although ductility
often decreases [33].

In this work, it was additionally shown that larger grain
size of base metal leads to a decreased carbon diffusion rate
in dissimilar welds.

The authors suggest that for various ferritic steels used
in high-temperature dissimilar welded joints, it is possible to
solve an optimisation problem — find the maximum grain
size at which dissimilar welds will still meet the
requirements for short-term mechanical properties specified
in applicable standards. It is assumed that dissimilar joints
made of such steels with the maximum acceptable grain size
will have the highest values of long-term strength under
conditions favourable for the development of type Illa
damage [15]. If this is the case, it may be appropriate to
manufacture temperature high-temperature components
(tubes, pipes, etc) with such grain size.

1. An increase in the grain size in the base metal of bainitic
steels with 1.5..2% Cr leads to a decrease in the
decarburisation rate in the HAZ of welded joints of these
steels during tempering or high-temperature service.

2. 15Kh2M2FBS and 15KhIMIF steels have different
decarburization kinetics depending on the grain size
index at the initial stage of tempering (after soaking for
6 hours at a temperature of 750°C); however, after a
longer soak time of 12 hours, the dependence of the
width of the decarburised layer on the grain size index
becomes linear, proportional to the index.

3. Anincrease in the heat input of overlaying/welding leads
to a decrease in the rate of decarburisation in the HAZ of
welded joints of bainitic steels with 1.5...2% Cr during
tempering and, probably, high-temperature operation.

In the conditions of conducted experiments using the
manual arc welding process, it was established that the
variation of the welding current or welding speed does not
play a significant role in decarburisation, if the heat input at
the same time remains unchanged.
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