Materials Science & Engineering A 770 (2020) 138522

ELSEVIER

Contents lists available at ScienceDirect
Materials Science & Engineering A

journal homepage: http://www.elsevier.com/locate/msea

MATERIALS
SCIENCE &

<IN

t.)

Check for

Microstructure of intercritical heat affected zone and toughness of e

microalloyed steel laser welds

L.S. Derevyagina®, A.I. Gordienko?, A.M. Orishich®, A.G. Malikov ", N.S. Surikova?, M.

N. Volochaev ¢

& Institute of Strength Physics and Materials Science of Siberian Branch Russian Academy of Sciences, 2/4, pr. Akademicheskii, Tomsk, 634055, Russia
Y Khristianovich Institute of Theoretical and Applied Mechanics of the Siberian Branch of the Russian Academy of Sciences, 4/1, Institutskaya str., Novosibirsk, 630090,

Russia

¢ Kirensky Institute of Physics of the Siberian Branch of the Russian Academy of Sciences (SB RAS), Akademgorodok 50, bld. 38, Krasnoyarsk, 660036, Russia

ARTICLE INFO ABSTRACT

Keywords:
Low-carbon steel
Laser welding
Heat affected zone

Microstructure of laser welds of the X70 low-carbon pipe steel was studied. High cooling rates after laser welding
and non-uniform distribution of carbon in the ferrite-pearlite base metal caused formation of regions with
increased microhardness (up to 650 HV) in inter-critical heat affected zone (ICHAZ). These regions consisted of
finely dispersed degenerate upper bainite and martensite-austenite constituents of a slender shape and small
fraction of a massive shape along the boundaries of bainite laths, as well as twinned martensite. High concen-
tration of martensite-austenite constituents (10-16%) and residual stresses in ICHAZ, as well as a dendritic
martensitic structure with carbide interlayers along the boundaries of martensite laths in fusion zone were the
main reasons of sharp decrease in charpy impact energy of the welded samples. High microhardness of the laser
welds was decreased down to 320 HV and their brittleness was improved by annealing. Also, in ICHAZ,
degenerate upper bainite and the regions of martensite-austenite constituents decayed forming tempered sorbite
and Fe,C and Fe3C carbides, respectively. Charpy impact energy of the welds doubled after annealing compared

Structure
Toughness

to the welds without annealing, and ductile-brittle transition temperature decreased down to -60°C.

1. Introduction

It is known that special types of thermo-mechanical treatment
improve operational properties of low carbon microalloyed pipeline
steels [1-5]. However, high strength and fracture toughness of pipes
significantly reduce after welding [6]. This is due to the fact that inho-
mogeneous gradient structures are formed in welded joints during rapid
heating and subsequent cooling. Welded metal includes many types of
intermediate transformation structures such as granular bainite, upper
and lower bainite, martensite, martensite-austenite (M-A) constituent,
dispersed particles of second phases, etc. As a result, composition and
conditions for formation of intermediate microstructures of the welded
metal determining its properties is an important research task.

Submerged arc welding is one of the main technological operations
in the manufacture process of pipes [6-8]. However, this method has a
significant drawback because of large heat input extends heat affected
zone (HAZ) and decreases mechanical properties [7]. An alternative
welding process is laser welding [9-13]. This technology is more
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efficacious than conventional welding methods. In addition, width of
fusion zone (FZ) and HAZ is much smaller compared to other welding
methods. This is due to the fact that energy of a laser beam is concen-
trated on a tiny heating area [9,10,13]. Strength of laser welded joints of
low carbon steels remains at the level of strength of the base metal [13].
However, the laser welds have a higher level of hardness because of high
cooling rates [9,10].

In Refs. [11-13], it was shown that HAZ structures of laser welded
joints included several different regions. The structures of these regions
were determined by the maximum temperature to which they had been
heated, as well as subsequent cooling rates. Their classification was
generally similar in most papers, but there were some differences in
terminology. Coarse-grained HAZ (CGHAZ) [11,12] or supercritical
HAZ [13] was adjacent directly to FZ. It had been heated to a temper-
ature significantly above the critical point Acs. Fine-grained HAZ
(FGHAZ) and inter-critical HAZ (ICHAZ), in which the heating interval
had been between A.3 and A1, followed it. Then, there was sub-critical
HAZ (SCHAZ) which had been heated to a temperature below A.;. It is
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possible to control dimensions of these regions, their phase composition
and morphology by changing the main parameters of laser welding
(beam power and welding speed). However, few results of detailed
studies of HAZ structures of laser welded pipe steels and data on their
relationship with mechanical properties have been published to date. In
this regard, the aim of this paper was to study the laws governing for-
mation of HAZ in laser welded joints of the low-carbon steel and eval-
uate their mechanical properties.

2. Experimental procedure

The X70 low-carbon micro-alloyed pipeline steel was investigated.
Its chemical composition is shown in Table 1. Plates to be welded were
cut from a hot-rolled sheet with a thickness of 56 mm perpendicular to
the rolling direction. Butt joints were welded using a ‘Siberia-1" auto-
mated laser technological facility including a continuous CO3 laser with
a power of up to 8 kW [14]. Helium was used to protect the weld pool
and the root. Initially, the parameters of the welding process were
optimized (laser beam power P, welding speed V, and location of the
focal spot Af relative to the upper surface of the plates). The quality
criterion was formation of welds without any visible discontinuities such
as surface pores, lack of fusion and cracks. The plates were joined in one
pass using the keyhole welding mode. The optimal welding parameters
and dimensions of the plates of two types are shown in Table 2. Finally,
some samples were annealed after welding at a temperature of 550 °C
for 1 h.

Samples for metallographic study were prepared by the standard
procedure followed by etching with 3% nital solution. Microstructure
was investigated using a ‘Zeiss Axiovert 25’ optical microscope (OM), a
‘LEO EVO 50’ scanning electron microscope (SEM), a ‘Philips CM-12’
transmission electron microscope (TEM) as well as an ‘HT-7700° TEM.
An average grain size was determined from OM u TEM images using the
linear intercept method. Concentration distribution of elements in the
welds was evaluated by energy dispersive microanalysis using the ‘LEO
EVO 50’ microscope. An ‘FIB2100’ focused ion beam (FIB) system was
used for foil cutting and subsequent local study of HAZ structures. A
scheme of foil cutting is shown in Fig. 1.

Microhardness was measured on the etched cross-sections of the
samples along the horizontal axis of the welds using a ‘PMT-3" micro-
hardness tester. Load was 100 g, holding time was 10s. At least 5
measurements were taken at each test point. Dimensions of the main
part of the welded samples were 15 x 3x1 mm for mechanical static
tensile tests using a Polyany type installation. Impact bending tests of
specimens with a V-shaped notch were carried out using an ‘INSTRON
MPX 450’ pendulum impact testing system in the temperature range
Ttest from 420 to —70 °C. Dimensions of the base metal samples were 10
x 10x55 mm; the welded samples were 8 x 3x55 mm. Only a quali-
tative assessment of fracture toughness was determined due to the
different sizes of the samples. The notches crossed both FZ and HAZ. The
fracture surfaces of the samples were investigated using a ‘Philips SEM
515’ SEM. Based on the results of the impact tests, the ductile-brittle
transition temperature (DBTT) was determined. It corresponded to the
mean value of the upper and lower shelf impact energy (USE and LSE).
Also, the fracture appearance transition temperature corresponding to
50% ductile fracture (FATTsg) was estimated due to the fact that it was
not possible to accurately measure of the USE and LSE boundaries [15].
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Table 2
Plate dimensions and main laser welding parameters.
Specimen type Plate dimensions, P, vV, m/ Af,
mm kW min mm
Type I (for tensile tests) 55 x 55 x 1.2 1.2 1 -2
Type II (for impact bending 55 x 55 x 3 2.2 1 -3
tests)
3. Results

3.1. Microstructures

The structure of the hot-rolled base metal of the X70 steel consisted
of alternating ferrite and pearlite strips (Fig. 2a). The average ferrite
grain size was 12 pm. VC vanadium carbides with sizes of 5-25 nm were
found in ferrite grains (Fig. 2b). Area fraction of pearlite grains was
about 20%. Their microstructure included alternating plates of ferrite
and cementite (Fig. 2c and d). Thickness of ferrite plates was in the range
of 100-300 nm, and cementite was in the range of 35-150 nm.

Width of the welds was 2.22 mm including FZ 1.22 mm wide and
HAZ 1.00 mm wide (Fig. 3a). A dendritic structure including typical
martensite laths was formed in FZ due to high cooling rates (Fig. 3b;
Fig. 4a). Martensite colonies located both to the left and to the right of
the weld axis at an angle of about 45°. Width of the martensite laths
varied from 80 to 700 nm. Between the martensite laths, cementite in-
clusions in the form of thin interlayers with a width of 20-40 nm were
found (Fig. 4c and d). More dispersed cementite plates with a thickness
of 5-10 nm were inside wide martensite laths across the plates (Fig. 4b).
High dislocation density was found in martensitic laths (Fig. 4b).

The two main regions (FGHAZ and ICHAZ) were found in HAZ
(Fig. 3a). FGHAZ with a width of only 150-200 pm adjoined directly to
both sides of FZ. FGHAZ had a transitional structure of upper bainite and
martensite. Bainite and martensite plates were bounded by the bound-
aries of former austenitic grains. This fact indicated that this zone had
been heated to the temperature range of the y-phase existence above the
critical point A¢s.

ICHAZ occupied the main area of HAZ. Its structure consisted of
alternating strips of light ferrite regions (‘A’ and ‘B’, Fig. 3c) and darker
regions (‘C’ and ‘D’, Fig. 3c). The ‘C’ and ‘D’ regions abruptly trans-
formed into the pearlite phase in the base metal (BM). Two regions were
distinguished in ICHAZ. They differed in fineness of ferrite grains (‘A’
and ‘B’, Fig. 3c), as well as a darker and lighter shade of the ‘C’ and ‘D’
regions. Mean size of ferrite grains was approximately 12 pm in BM and
in the areas adjacent to BM. Small ferrite grains of non-equiaxed shape
with an average size of about 4 pm were in the areas closer to FZ.

Harnessing of the FIB system made it possible to study in detail the
structure of HAZ in the ‘C’ and ‘D’ regions (the foil cutting scheme is
shown in Fig. 1). The ‘D’ region had an inhomogeneous structure
(Fig. 5a). According to the classification [16], the structure consisted of
predominantly degenerate upper bainite (DUB) and a small fraction of
granular bainite (GB) (Fig. 5b and c) in a lighter zone 1 (Fig. 5a) adjacent
to the ‘B’ ferrite region. DUB had a lath-type morphology of ferrite with
M-A constituent at the boundaries of bainite laths (Fig. 5d and e). Two
types of M-A constituent with slender and massive (or blocky-type)
shapes were in the structure, similar to what the authors of [17-19]
had observed. Thickness of M-A constituent plates of a slender shape was
in the range of 20-60 nm; their length was in the range of 120-400 nm.
Width of M-A constituent plates of a massive shape was 80-120 nm.
Small areas of twinned martensite were also in the structure (Fig. 5f-h).

Table 1

Chemical composition of the X70 pipeline steel.
Element C Mn v Nb Si Ti Cu Al P S
Composition (wt, %) 0.13 1.6 0.05 0.04 0.4 0.05 0.3 0.03 0.013 0.01
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TEM

Fig. 2. Microstructure of the base metal: optical
micrograph (a), TEM images (b-d): dark-field image
in the <111> reflection of carbide VC (b): the
diffraction pattern shows the [111],, [110],, [112],
zone axis reflections, the red circle indicates the
<111> reflections of carbide VC; bright-field image
in a pearlite grain (c) and dark-field image in the
<200> reflection of carbide Fe3C (d). (For interpre-
tation of the references to colour in this figure legend,
the reader is referred to the Web version of this
article.)

Fig. 3. Optical micrographs of the welded metal: macroimages of the weld (a), FZ (b), and HAZ (c).
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Fig. 4. TEM images of FZ: bright-field images (a—c); dark-field image (d) in the <201> reflection of FesC carbide (indicated by the arrow on the diffraction pattern

in Fig. 4c).

The reflection from the twin is indicated by an arrow in the micro-
diffraction pattern (Fig. 5h), and the trace of the twinning plane is
highlighted by a dashed line. Width of dispersed plates in twinned
martensite was 5-7 nm. Dimensions of the structural constituents of the
studied steel are shown in Table 3 for comparison.

The zone 1 was followed by a darker zone 2 (Fig. 5a) with a lath
structure (Fig. 6a). Width of lighter laths in the zone 2 ranged from 140
to 250 nm. These values were comparable to width of laths in the zone 1
but less than martensite laths in FZ (Table 3). Between these light laths,
dark laths located which included austenite (Fig. 6b). Two zones of a-
and y-phases are presented in the microdiffraction pattern (puc. 6d). This
fact indicates that the dark areas were M-A constituent of a slender shape
(or elongated rods [19]). The structure of M-A constituent was hetero-
geneous in the form of a thin lamellar structure (Fig. 6¢). Thickness of
the M-A constituent areas was in the range of 15-50 nm and length was
100-800 nm. Such structure is not typical for martensitic lamellas.
Therefore, it was interpreted as degenerate upper bainite in accordance
with the classification [16]. Reflections from carbide particles were
absent in the electron diffraction patterns obtained from the zones 1 and
2.

The boundaries of the ‘C’ region in HAZ were darker than the ‘D’
region in optical images (Fig. 3c). Apparently, carbon precipitated at the
grain boundaries in carbon-rich areas and cementite particles were
formed. The results of energy dispersive analysis confirmed this fact
(Fig. 7, Table 4). The carbon content was 0.6% in the ‘B’ ferrite region
(spectrum 1) but increased up to 1.5-2.0% in the ‘D’ carbon enriched
region (spectrums 2-4). At the boundaries of the ‘C’ region, carbon
content increased significantly up to 4-10% (spectrums 6-8). Carbon
content in the center of the ‘C’ region (spectrum 5) was about 2%.

After annealing, no qualitative changes occurred in FZ of the welded
samples. They had the same dendritic structure (Fig. 8a and b). Width of
martensitic laths did not change significantly after annealing. However,
part of the martensite laths became lighter after annealing (Fig. 9a, re-
gions I and II). This indicated that dislocation density decreased.
Twinned martensite as well as FeoC and Fe3C particles were found in
some areas (Fig. 9b and c). It is known that Fe,C particles are formed in
martensite during annealing. This structure is typical for tempered
martensite.

More significant structural changes occurred in HAZ. In ICHAZ, a

banded structure and grain size difference in the ferritic regions were
found (Fig. 8c). However, compared with the welded metal without
annealing, there was an increase in dimensions of ferrite grains in the
‘A*’ and ‘B*’ regions to an average size of 8 and 20 pm, respectively. The
‘C*’ and ‘D*’ regions were darker in optical images compared to the
welded metal without annealing (Fig. 3c). In addition, there were small
bright areas inside the ‘C*’ region (Fig. 8c).

Rounded ferritic grains 700-900 nm in size were found in the sam-
ples after annealing (Fig. 10a) when studying of the fine structure of the
‘D*’ region in the zone 1 adjacent to the ‘B’ ferrite region. FesC in-
clusions in the form of thin plates or particles were inside these grains
and along their boundaries (Fig. 10a and b). The laths structure was
preserved in the zone 2 located closer to the center of the ‘D*’ region.
Width of the laths was in the range of 110-250 nm (Fig. 10c). At the
same time, the laths became lighter in comparison with the welded
metal without annealing (Fig. 6a). In the diffraction pattern, there were
no austenite reflexes but many cementite ones. A large number of Fe3C
particles in the form of elongated plates with a width of 20-40 nm and
lenticular particles with a width of 40-60 nm were found in the areas
where M-A constituent were previously located (Fig. 10d). Thus, M-A
constituent decayed to FesC carbide when annealing. The formed
structure was such as tempered sorbite.

3.2. Microhardness

Microhardness of the base metal was 170 HV in ferrite regions and
235 HV in pearlite. Distribution of microhardness values in the weld
metal was extremely heterogeneous (Fig. 11). They were significantly
higher compared to the base metal. Mean values of microhardness in FZ
increased up to 370 HV. The microhardness curve had peaks and a
significant increase in values up to 640-670 HV in HAZ (Fig. 11, indi-
cated by a black arrow). There were no peaks on the curve and distri-
bution of values became more uniform after annealing. Microhardness
values in FZ and HAZ decreased down to ~320 HV. However, small
peaks in HV values remained in HAZ (Fig. 11, indicated by a white
arrow).
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3.3. Tensile behavior

Strength of the welded samples decreased slightly and was 93-95%
of strength of BM (Fig. 12); ductility was about 85% of BM. After
annealing, the mechanical characteristics of the welded samples
changed insignificantly (ductility increased slightly). All welded sam-
ples had failure through BM.

3.4. Impact testing

Results of impact bending tests at room temperature showed that
charpy impact energy of the welded samples was significantly less than
the base metal samples (Table 5). At low Ties, charpy impact energy was
critically low for all studied samples. DBTT and FATTs, values of the
base metal samples were slightly different (-32°C and -18°C,

Twinned |,
martensite |

-
- o110
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Fig. 5. TEM images of HAZ (region ‘D’ according to
Fig. 3c): general view of the foil (a), bright-field
image in zone 1 (b—c) and corresponding diffraction
pattern (d): the [111]a zone axis reflections indi-
cated, the arrow points to the <002> reflection of
y-Fe; dark-field image in the <002 reflection of y-Fe
(e); bright-field image of twinned martensite (f, g)
and selected area diffraction pattern for the region
indicated by the red circle in Fig. 5f (h). (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)

respectively). It was not possible to estimate DBTT of the welded sam-
ples because there were no accurate data on USE and LSE. However,
almost the entire fracture surfaces of the welded samples had a brittle
fracture pattern even at room temperature (Fig. 13a). Therefore, the
FATTs was already at +20 °C.

Annealing of the welded samples made it possible to increase their
charpy impact energy almost twice compared to the values without
annealing (and even compared to the base metal at Tyt below zero
degrees Celsius). The fracture surfaces of the welded samples after
annealing had a fully ductile manner at the temperature range down to
—40 °C (Fig. 13b). On the fracture surfaces there were a large number of
particles precipitated during tempering of martensite. Brittle manner of
fracture was found only in the temperature range of 40 ... -=70°C. At the
same time, DBTT and FATT5p were in the range of -55 ... =60 °C.
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Table 3
Sizes of structural constituents in different zones of the weld and base metal.

Structural Width of structural constituents with lath morphology, nm
constituent R .
Pearlite in Welded joint
base metal I
Fusion zone Heat affected zone
Region D, Region D,
Zone 1 Zone 2
a-lath 100-300 80-700 100-300 140-250
morphology (ferrite) (martensite) (bainite) (bainite)
(ferrite,
bainite,
martensite)
Cementite 35-150 Large 20-40, - -
(FesC) plates Small 5-10
M-A constituent - - Slender 20-60 Slender
(length 15-50
100-400) (length up to
Massive 800 nm)
80-120
Twinned - - 5-7 -
martensite
plates

4. Discussion

During the process of laser welding of the X70 steel, solidification
occurred from the edges of the weld pool to its center. Therefore, a
columnar dendritic structure was formed in FZ during crystallization of
grains. Mean values of microhardness of the metal in FZ increased up to
370 HV due to high cooling rates and formation of a lath martensitic
structure. An increase in microhardness of the metal in FZ after laser
welding up to 499 HV was also noted in Ref. [13].

Width of HAZ was 900-950 pm after laser welding. It was signifi-
cantly less than after gas tungsten arc welding [9,10]. It should be noted
that there was no CGHAZ. Apparently, this was due to high cooling rates.
ICHAZ was the main region of HAZ (Fig. 3a). Location of the dark (with a
high carbon content) and light (with a predominantly a-phase) regions
in ICHAZ was as in BM. This indicates that ICHAZ had been heated to the
temperature range when the two-phase (y+a)-region existed. Different
dispersion of light ferritic regions in ICHAZ (Fig. 3c, ‘A’ and ‘B’ regions)
was due to different temperatures and cooling rates in these zones.

/‘
Zone axis: [L11]a, [001]a,
[110]y
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Fining of ferrite grains in the ‘A’ region could be explained by the
recrystallization process at elevated temperature because of its location
next to FZ.

Carbon concentration was significantly higher in the ‘D’ region of
ICHAZ (Fig. 3c), which corresponded to the former pearlite grains in the
base metal (Table 4), in comparison with the ‘B’ neighboring ferrite
region. A bainitic structure was formed in the ‘D’ region during subse-
quent fast cooling. GB and DUB were found in areas adjacent to ferritic

Fig. 7. SEM images of HAZ. Highlighted dots indicate areas where energy
dispersive analysis was done; ‘A’, ‘B’, ‘C’, ‘D’ indicate the HAZ regions ac-
cording to Fig. 3c.

Table 4

Elemental distribution in the HAZ of X70 steel, in wt %.
Spectrum C Si \% Mn Fe Total
Spectrum 1 0.60 0.31 1.84 97.24 100.00
Spectrum 2 1.44 1.95 96.60 100.00
Spectrum 3 1.53 0.33 2.01 96.12 100.00
Spectrum 4 1.80 0.27 1.87 96.06 100.00
Spectrum 5 2.10 0.32 2.03 95.55 100.00
Spectrum 6 5.78 0.40 1.79 92.04 100.00
Spectrum 7 4.16 0.40 1.82 93.63 100.00
Spectrum 8 9.81 0.42 0.21 1.81 87.74 100.00

Fig. 6. TEM images of HAZ (zone 2 according to
Fig. 5a): bright-field images (a, c), dark-field image in
the <111> reflection of y-Fe indicated by the red
circle in the diffraction pattern, where the [111]a and
[110]y zone axis reflections are also highlighted (b);
selected area diffraction pattern for the region indi-
cated by the red circle in Fig. 6¢, with the [111]a and
[001]a zone axis reflections indicated (d). (For
interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)

Jor s K-S orientation
relationship
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Fig. 9. TEM images of FZ of the weld after annealing: bright-field image (a) and corresponding diffraction pattern showing the [110]a, [113]twin, [-110]Fe,C zone
axis reflections (b), bright-field image and corresponding diffraction pattern showing the [110]a, [113]a zone axis reflections and <201> reflection of FesC car-

bide (b).

grains (Fig. 5a, zone 1). Presence of GB in addition to DUB was due to the
fact that carbon diffusion processes began in neighboring ferritic re-
gions. Therefore, carbon concentration in austenite was partially
reduced. In turn, this reduced its stability and shifting bainitic trans-
formation into a range of higher temperatures. After laser welding,
width of laths in DUB of ICHAZ was determined by width of lamellas in
pearlite and had high dispersion of about 100-300 nm.

Dispersed areas of M-A constituent of slender and massive shapes
(20-60 and 80-120 nm wide) were along the boundaries of the bainitic

regions. Formation of M-A constituent was due to local high carbon
concentration and high cooling rate. In Ref. [19], it was noted that M-A
constituent of slender shapes (elongated rods) was formed at short
cooling time and, accordingly, a higher cooling rate. As the cooling time
increased, this changed into massive. M-A constituent in the form of
twin martensite was also found in the structure. Not only an increased
carbon concentration was necessary for its formation, but also in-
homogeneity of carbon concentration inside austenite and thermal
stresses in HAZ [20].
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d

Fig. 10. TEM images of HAZ after annealing (‘D*’ region according to Fig. 8c): bright-field image in zone 1 (a), selected area diffraction pattern for the region
indicated by the red circle in Fig. 10a (b); bright-field images in zone 2 (¢, d). (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)

Microhardness (HV)

BM HAZ Fusion zone

1500 1000 500 0 500

HAZ | BM

" 1000 1500
Distance from the weld center (Lm)

Fig. 11. Microhardness of the welded metal: 1 - without annealing; 2 —
after annealing.

The diffusion processes had less time to complete in zone 2 of the ‘D’
region in ICHAZ (Fig. 5a) than in zone 1. Only DUB was present in the
structure because carbon concentration in austenite was higher, its
stability increased, and bainitic transformation was delayed. Areas of
slender M-A constituent sections with a width of 15-50 nm located be-
tween DUB laths. Their length was greater than in zone 1. If we compare
the pearlite structure of the base metal (Fig. 2c) with the structure in
zone 2 (Fig. 6a), it can be seen that the bainitic structure inherited the
structure of pearlite. This was because of high heating rate of the ‘D’
region did not allow to have uniform concentration of carbon in
austenite. Thicknesses of ferrite laths in pearlite (100-300 nm) and laths
in DUB (140-250 nm) were in approximately the same range of values.
However, width of M-A constituent plates in DUB was significantly
smaller than cementite plates in pearlite. This was the result of partial
diffusion processes of carbon movement to neighboring ferrite regions.
Thereby, volume fraction of M-A constituent in zones 1 and 2 was
10-16%. This was less than area fraction of pearlite in the base metal.

700 4

(23 L a (-2

© ©o o o

o o o o

1 1 1 1
o

Stress, MPa

0 5 10 15 20 25
Deformation, %

Fig. 12. Stress-strain curves of the X70 steel: base metal (1), welded metal (2)
welded and annealed metal (3).

Table 5
Charpy impact energy of X70 steel.
Specimens Charpy impact energy, J DBTT, FATTs,
°C °C
Tlest = Tlest =-40°C Ttesl =-70°C
+20°C
Base metal 200 20 11 -32 -18
Welded metal 20 10 4 - +20
Welded and 37 33 12 -55 -60
annealed
metal

However, this was a rather large value; since it was shown in Ref. [17]
that the area fraction of M-A constituent intercritically reheated
coarse-grain HAZ (ICCGHAZ) was 3.7%. Ch. Li et al. showed [19], that
amount of M-A constituent was related to a critical carbon content of
residual austenite where the bainite or acicular transformation ceases.
Consequently, heterogeneity in carbon concentration in the initial
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Fig. 13. Micrograph of the impact fracture surfaces of welded metal at +20°C (a) and welded and annealed metal at —-40°C (b).

ferrite-pearlite structure caused formation of a large area fraction of M-A
constituent.

The M-A constituent area had a lath structure (Fig. 6¢) when thin
plates of residual austenite alternated with martensite plates. Retained
austenite had K-S orientation relationship with its neighboring
martensite: (-101)y//(1-11)y and [111]y//[011]y (Fig. 6d) [21]. This
indicates that it was the shearing mechanism of martensitic
transformation.

Cooling rate of the metal in the ‘C’ region of ICHAZ was lower than in
the ‘D’ region (Fig. 3c) and the temperature range, to which it had been
heated, was higher because of its location next to FZ. In Ref. [19], it was
also noted that distribution of carbon concentration in the interface was
different according to change in cooling time. Therefore, at the bound-
aries of the ‘C’ region, diffusion processes of carbon precipitation were
more intense and cementite particles were formed during subsequent
fast cooling. However, the central zones of the ‘C’ region in ICHAZ also
contained DUB and interlayers of M-A constituent. This caused high
microhardness in these areas with only a slight decrease in their values
(Fig. 11, indicated by black arrows). Thus, increase in microhardness in
ICHAZ up to 640-670 HV was due to formation of fine laths in DUB with
interlayers of M-A constituent. In Ref. [11], similar peaks in the
microhardness curve were observed in FGHAZ after laser welding. They
were associated with the effect of hardening due to a fine-grained
structure in these areas. In our investigation, the greater microhard-
ness in ICHAZ compared to FZ was associated with higher carbon con-
centration and greater dispersion of DUB laths compared to the
martensite laths in FZ as well as formation of M-A constituent.

Microhardness values in FZ and ICHAZ exceed the level set by the
standard DNV-OS-F101 for low-carbon steels (HV < 325) so dramati-
cally reduced cold cracking resistance. In addition, heterogeneous dis-
tribution of microhardness in welds was also undesirable from the point
of view of obtaining sufficient fracture toughness. Significant decrease
in toughness and brittle fracture of the studied laser welded samples of
the X70 steel was due to formation of a dendritic martensitic structure as
well as carbide interlayers along the boundaries of martensite laths and
between them in FZ. An additional problem was presence of DUB re-
gions and high residual stresses in ICHAZ as well as a large proportion of
M-A constituent. The authors of a large number of papers [18-20,22]
showed that fracture toughness depended on sizes, volume fraction and
shapes of M-A constituent. Impact strength decreased significantly when
M-A constituent areas were massive due to large initial austenitic grains
[22]. It is also known that the greater proportion of M-A constituent, the
lower charpy impact energy [20]. The authors of [18,19,23] showed
that M-A constituents of a slender shape included high carbon content
were more harmful to toughness compared with massive ones. Micro-
cracks formed by debonding of massive M-A constituent from a matrix or
cracking propogation through slender M-A constituent caused brittle
failure micromechanism [17,18,24]. It was also noted that formation of
twinned martensite in HAZ was more detrimental to toughness [25].
Thus, large area fraction of slender M-A constituent and twinned
martensite formed in the X70 steel welds caused significant decrease in

charpy impact energy. Therefore, some welds were annealed.

Partial decay of the martensitic structure was in FZ after annealing.
Mitigation of tetragonality occurred in the martensite lattice because of
precipitation of Fe;C and FesC carbides and decrease in carbon content.
Microhardness decreased down to 300 HV in FZ due to partial stress
relaxation. A similar decrease in tempered martensite microhardness in
SCHAZ was observed by the authors of [26]. Decay of DUB and forma-
tion of tempered sorbite occurred in ICHAZ. M-A constituent decayed
and Fe3C carbides formed. Because of this, the microhardness curve
smoothed and distribution of values became more uniform (Fig. 11).
Moreover, fracture toughness and cold resistance improved compared to
the samples without annealing, and even compared to the base metal at
low temperatures. The reasons for low ductility and cold resistance of
hot rolled X70 steel were discussed in Refs. [27,28]. Whereas, in [29] it
was shown that the decomposition of M-A constituents, formation of
cementite and softening of bainitic matrix after tempering had resulted
in higher density of microvoids and substantial plastic deformation
before impact failure.

Thus, high values of microhardness and brittleness of the X70 steel
laser welds can be partially decreased by annealing.

5. Conclusions

1. High cooling rates after laser welding and non-uniform distribution
of carbon in the base metal of the X70 ferrite-pearlite steel caused
formation of regions with increased microhardness (up to 650 HV) in
ICHAZ. High microhardness was due to formation of finely dispersed
DUB regions and M-A constituents of a slender shape and small
fraction of a massive shape along the boundaries of bainite laths as
well as regions of twinned martensite. Area fraction of M-A constit-
uents in these regions was 10-16%.

2. Strength of the welds was 93-97% of strength of the base material,
and ductility was about 85%. Charpy impact energy of welded
samples was very low at all test temperatures. High concentration of
M-A constituent and residual stresses in ICHAZ, as well as a dendritic
martensitic structure with carbide interlayers along the boundaries
of martensite laths in FZ were the main reasons of sharp decrease in
charpy impact energy of the welded samples.

3. After annealing, in ICHAZ, DUB and the regions of M-A constituents
decayed forming tempered sorbite and Fe,C and Fe3C carbides,
respectively. Also, microhardness was reduced down to 320 HV.
Charpy impact energy of the welds doubled after annealing
compared to welds without annealing, and DBTT decreased down to
-60°C.
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