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A B S T R A C T   

In this paper, the heat affected zone (HAZ) of laser welded joints of the X70 steel were studied by the trans-
mission electron microscopy method. The effect of the initial microstructure (coarse-grained hot-rolled and fine- 
grained after cross-helical rolling) on the HAZ formation and the mechanical characteristics of the welded joints 
were shown. It was found that the microstructure in the inter-critical HAZ of the steel after cross-helical rolling 
was more dispersed, homogeneous, and uniform compared to that of the coarse-grained hot-rolled one due to the 
initial fine-grained ferrite-bainitic-pearlite microstructure and the absence of pronounced ferrite-pearlite band-
ing in the base metal. The character of the microhardness value distribution in the HAZ of the steel after cross- 
helical rolling was smooth with the gradual decrease from 370 down to 185 HV as shifted towards the base 
metal. In the HAZ of the coarse-grained hot-rolled steel, the heterogeneous microhardness value (up to 640–670 
НV) distribution was revealed. The reason was the upper degenerate bainite microstructure with high residual 
stresses, characterized by laths up to 2.0–2.5 μm long and a high martensitic-austenitic constituent fraction 
(10–16%) of a slender shape along the boundaries of bainite laths. The conclusion was drawn that one of the 
ways to reduce the brittleness of the laser welded joints could be using the initially fine-grained steels possessing 
the homogeneous (mainly bainitic) microstructure.   

1. Introduction 

Various factors play a role in the formation of the microstructure and 
the mechanical properties of welded joints of low-carbon microalloyed 
steels. The main ones are the level of carbon and alloying elements, the 
welding process conditions (the welding method, and its energy pa-
rameters), as well as the initial microstructure and the phase composi-
tion of the steel. In the fusion zone (FZ), the metal is overheated 
significantly above the Ac3 critical point. This causes the complete 
austenite homogenization, followed by rapid cooling from high tem-
peratures. As a result, it is difficult to control the microstructure in the 
FZ by changing the above factors. This is possible only in limited cases 

(for example, partially by varying the welding parameters). More com-
plex microstructure transformations occur in the heat affected zone 
(HAZ) during the welding thermal cycles. The interest in the study of 
this zone is determined by the possibility to control its structure, which 
often determines the properties of the entire welded joint. 

To date, a lot of data have been published on dependences of low- 
carbon steel HAZ formation patterns from various parameters [1–19]. 
A series of studies has been carried out to investigate the effect of 
microalloying elements on the formed HAZ microstructure [1–6]. They 
enable to control the phase transformation points, the type of obtained 
bainitic microstructures, as well as volume fractions and sizes of second 
phases (carbides and the brittle martensitic-austenitic (M-A) 
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component). The formation of carbonitrides affects grain sizes after 
heating and cooling cycles. Thus, it has been shown in Ref. [2–4] that 
doping with aluminum, molybdenum, and nickel has resulted in the 
formation of a homogeneous HAZ microstructure, as well as contributed 
to a decrease in the M-A constituent fraction and its sizes. As a result, the 
metal toughness has been improved. 

Applying different welding methods and varying their energy pa-
rameters enable to control heat input levels and HAZ cooling rates. 
Accordingly, its dimensions, residual stresses, and the microstructure 
can be changed. A wide range of the microstructures can be formed 
(from ferritic-pearlitic to bainitic-martensitic) that directly affect the 
mechanical properties of the welded joints [6–13]. It has been shown 
that the use of laser welding results in narrower seams compared to that 
for arc welding methods. Typically, the shape factor (the ratio of the 
penetration depth to the weld width) is more than one [13]. In addition, 
strength of the laser welded joints of low-carbon steels remains at the 
base metal (BM) levels [11]. However, disperse lath microstructures, 
characterized by increased microhardness [9,10,12] and low fracture 
toughness [12], are formed due to high cooling rates upon laser welding. 

Another way to control the microstructure and the properties of the 
HAZ is to change the initial steel microstructure [14–19]. It has been 
found that the fine-grained one promotes the formation of more ductile 
phases and improves impact toughness of the weld metal [14,15]. The 
non-uniform carbon distribution in steels also affects the formed 
microstructure in the HAZ upon rapid cooling after thermal exposure 
[16,17]. It has been shown that the microstructure and the M-A con-
stituent fraction depend on the volume fraction and the sizes of perlite 
grains in the BM [17]. Thus, it is possible to predict the HAZ micro-
structure already at the stage of choosing steel with predefined prop-
erties. However, few results have been published on the dependence of 
the HAZ microstructure from the initial steel one. From a practical point 
of view, it is important to investigate the possibility of reducing the 

brittleness of laser welds by changing the initial steel microstructure. 
One of the methods to improve the microstructure of steels is cross- 

helical rolling, which is applied for piercing and rolling of pipe work-
pieces. Due to their rotational-translational movement, higher shear 
strains are achieved in the bar surface layer as compared with conven-
tional rolling processes. This contributes to the metal microstructure 
refinement. In Refs. [20,21], it has been shown that cross-helical rolling 
enables to significantly improve fracture toughness and reduce the 
brittle-ductile transition temperature of mild steel. Based on this fact, 
cross-helically rolled steel samples were welded. 

The aim of this paper has been to study the HAZ microstructure and 
the mechanical properties of a laser welded joint of the X70 low-carbon 
microalloyed steel after cross-helical rolling and to compare with those 
of the coarse-grained hot-rolled one. 

2. Experimental procedure 

In the present studies, the X70 low carbon microalloyed steel 
(Table 1) after cross-helical rolling was investigated. Then, the obtained 
data were compared with the results of the similar author’s studies of the 
X70 coarse-grained hot-rolled steel [12]. 

Cross-helical rolling was done using an “CHR 14–40” three-roll mini- 
mill from a temperature of 920◦С for six passes. The process began near 
the Ar3 critical point and completed in the upper part of the 
(γ+α)-region. The phase transformation temperatures (Ac1 = 788 ◦C and 
Ac3 = 892 ◦C upon heating, as well as Ar1 = 767 ◦C and Ar3 = 814 ◦C 
upon cooling) were determined for the X70 coarse-grained hot-rolled 
steel by a “STA 409 PC Luxx” synchronous thermal analyzer. The start 
bainitic transformation temperature Bs was 569 ◦C. 

Plates with dimensions of 55 × 55 × 1.2 mm were cut from a bar 
along the cross-helical rolling direction. Then, they were welded 
perpendicular to the longitudinal axis using a “Siberia-1” automated 

Table 1 
The chemical composition of the X70 low-carbon microalloyed steel.  

Element С Mn V Nb Si Ti Cu Al P S 

Content, wt. % 0.13 1.6 0.05 0.04 0.4 0.05 0.3 0.03 0.013 0.01  

Fig. 1. The BM and HAZ microstructures of the X70 steel: hot-rolled (a); after cross-helical rolling (b); the weld zone (c) and its HAZ (d) of the steel after cross- 
helical rolling. 
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facility included a CO2 continuous laser with a wavelength of 10.6 μm 
and a power of up to 8 kW [22]. The weld zone and the root were 
shielded with an inert gas (helium). A laser beam was focused 2 mm 
underneath the plate surfaces. Keyhole welding was carried out in one 
pass at a power of 1.2 kW and welding speed of 1 m/min. 

Samples for metallographic studies were prepared by etching in a 3% 
solution of nitric acid in alcohol. Microstructures in the weld zone were 
examined using a “Zeiss Axiovert 25” optical microscope (OM), a "Phi-
lips SEM 515" scanning electron microscope (SEM) and an “HT-7700” 

transmission electron microscope (TEM). The average grain size was 
determined using OM and TEM images by the average grain intercept 
(AGI) method. Local microstructural studies of various HAZ regions 
were carried out using foils cut by an “FIB2100” focused ion beam (FIB) 
system. TEM studies were added to the article in response to a reviewer 
comment. But the authors forgot to add a description of TEM studies to 
the section Experimental procedure. 

Vickers microhardness values were obtained along the longitudinal 
weld axis by a “PMT-3” setup at a load of 100 g. At least five 

Fig. 2. SEM images of the metal microstructure in different parts of the heat-affected zone of the steel after cross-helical rolling.  

Fig. 3. TEM images of the FG HAZ: a, b – bright field images with the corresponding microdiffraction pattern (b, the arrows indicate the reflexes of the [111]α, 
[001]α, and [110]γ zones); c – the dark field image in the 002 reflex from γ-Fe; d – the dark field image in the 001 reflex from Fe2C (the reflexes of the [111]α, [001]α, 
and [031]Fe2C zones are indicated in the microdiffraction pattern). 
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measurements were performed on one test point. Uniaxial static tensile 
tests were carried out using a “Polyani” facility with automatic 
recording of loading curves at room temperature and a load rate of 
~0.002 mm/s “Dog-bone” samples were cut by electric discharge 
machining. Their thinned parts were 15 × 3 × 1 mm2. Welds were in the 
middle of the samples. 

3. Results 

3.1. Microstructural studies 

3.1.1. Optical metallography and scanning electron microscopy 
In [12], it was shown that the ferrite-pearlite microstructure with the 

pronounced banding of structural elements was formed in the X70 
coarse-grained hot-rolled steel (Fig. 1, a). The average size of ferrite 
grains was 12 μm, their volume fraction was 20%. Vanadium carbides 
(VC) with sizes of 5–25 nm were inside them. 

As a result of cross-helical rolling, the X70 steel microstructure 
became finer (Fig. 1, b), the brittle pearlite component fraction 
decreased down to 11%, and the bainitic component had been formed 
[20,21]. The bainite volume fraction in the microstructure was 15%. 
The average size of ferrite grains decreased down to 5 μm, and they were 
strengthened with Fe3C and VC carbide particles. 

The laser weld width of the X70 steel after cross-helical rolling was 
about 2.2 mm (Fig. 1, c). Clear contours of the FZ with a width of 
approximately 0.55 mm and the HAZ located to the left and right of the 
FZ were found in the weld zone. The lath martensite dendritic micro-
structure had been formed in the FZ. 

Four regions were observed in the HAZ (Fig. 1, d). The coarse- 
grained (CG) region 1 (Fig. 2, a) was adjacent to the FZ and corre-
sponded to the CG HAZ. Its width was 180 μm on each side of the FZ. The 
microstructure in this region was of the bainitic-martensitic type, laths 
were limited by the boundaries of prior austenite grains. The micro-
structure of the next region 2 with a width of 230 μm (Fig. 2, b) was 
similar to the region 1, but was more dispersed. It corresponded to the 
fine-grained (FG) HAZ. In the inter-critical (IC) region 3 with a width of 
240 μm (IC HAZ), alternating light and dark areas were detected (Fig. 2, 
c). The light areas corresponded to fine-grained ferrite, and the dark 
ones possessed the bainitic microstructure. The average ferrite grain size 
was 6.5 μm. The microstructure of the region 4 with a width of 
approximately 150 μm was represented by ferrite and bainite quasi- 
equiaxed grains (Fig. 2, d). The size of ferrite grains was ≈6.5 μm; the 
dimensions of bainitic ones were in the range from 1.5 to 2.0 μm. The 
initial ferrite-pearlite-bainitic microstructure was in the transition area 
near the BM. 

Fig. 4. Bright field TEM images of the bainitic microstructure (a, b) in the FG HAZ and the diffraction pattern of the area marked with a red circle (b). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. TEM images of the FG HAZ: a, c – the bright field images of the M-A constituent area; b – the dark field image in the 002 reflex from γ-Fe; d – the 
microdiffraction pattern from the region indicated in Fig. 5, c. 
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3.1.2. Transmission electron microscopy 
According to the results of optical microscopy, it was found that the 

bainitic microstructure was different in various HAZ regions. The TEM 
investigations were performed for their detailed study in each region. 
Since the microstructures in the CG HAZ and the FG HAZ were quali-
tatively similar and differed only in the sizes of structural elements, the 
results of the FG HAZ studies were solely presented. In the FG HAZ, 
grains with long slats typical of lath martensite were detected (Fig. 3a 
and b). Their length reached 5 μm, which was commensurate with the 
prior grain sizes. The width of martensite laths varied in the range from 
40 to 500 nm. Particles of carbides or residual austenite were mostly 
absent between the laths. Only in a few cases, areas of residual austenite 
with a width of 20–70 nm and a length of 150–500 nm were between the 
laths and near the boundaries of prior austenitic grain (Fig. 3, c), which 
was typical for the slender type M-A constituent [23]. Areas of [110]γ 
austenite and [111]α ferrite were determined in the diffraction patterns 
near the boundaries of austenitic grains (at the acute-angled ends of 
martensite laths), that indicated the fulfillment of the Kurdjumov-Sachs 
orientation relationship (Fig. 3, b). This confirmed the fact of the 
martensitic transformation. Fe2C carbide interlayers 10–15 nm thick 
were also found at the boundaries of prior austenitic grains (Fig. 3, d). 

In addition to martensitic grains, bainitic ones of the (basically) lath 
morphology were found in the FG HAZ (Fig. 4, a). The thickness of 
bainite laths was 200–350 nm, although thinner ones with a thickness of 
55–220 nm were also found. Between bainite-ferrite laths, areas of the 

M-A constituent in the form of twin martensite were found (Fig. 4, b). 
This microstructure was characteristic of degenerate upper bainite [24]. 
It should be noted that the twin martensite areas were oblong (the 
slender type) with a length of 150–600 nm and a width of 40–200 nm. 
The thickness of twin martensite laths was 5–10 nm. 

In the bainitic microstructure, the slender type M-A constituent areas 
in the form of residual austenite were also found between the laths. They 
mainly included layers with a length of 400–500 nm and a width of 
30–50 nm (Fig. 5a and b). 

Other M-A constituent areas of more complex configurations were at 
the junctions of some grains (Fig. 5, a and c). The M-A constituent of a 
massive type included sections of residual austenite with a width of 
50–150 nm (Fig. 5, b) and twin martensite with a lath width of 5 nm 
(Fig. 5c and d). The average residual austenite fraction in the FG HAZ 
bainitic microstructure was about 3%. It should be noted that the 
assessment of the residual austenite fraction was carried out approxi-
mately. It was counted only in the specific bainitic areas under consid-
eration, and not over the entire HAZ area. 

In the IC HAZ (region 3), the bainitic microstructure corresponded to 
the dark areas in the optical images (Fig. 1, d). Bainite was in the form of 
parallel bainite-ferrite laths grouped into small packets misoriented relat 
ive to each other (Fig. 6, a). The lath thickness varied in the range from 
50 up to 200 nm and their length was from 0.5 up to 3.4 μm. At the 
boundaries of bainitic packets and between laths, sections of the M-A 
constituent, predominantly of the slender type, were found (Fig. 6b and 

Fig. 6. TEM images of the IC HAZ: a, d – the bright field images of the bainitic microstructure; b – the microdiffraction pattern, the arrows indicate reflexes of the 
[111] α, [110]γ, and [010]Fe2C zones; c – the dark field images in the 002 reflex from γ-Fe; e − the microdiffraction pattern from the twin martensite region, the 
arrows indicate the reflexes of the [110]α, [110]twin and [001]γ zones; f – the dark-field image in the twin reflex. 
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c). Interlayers of residual austenite 20–40 nm wide and 150–400 nm 
long were also observed. This microstructure corresponded to upper 
degenerate bainite. Some granular bainite (GB) and Fe2C carbide par-
ticles were also in the IC HAZ microstructure. The residual austenite 
fraction in the IC HAZ bainitic areas was 9%. 

The IC HAZ also contained the M-A constituent areas of a massive 
type in the form of twin martensite (Fig. 6, d–f) with a length of 1.2–1.6 
μm and a width of 0.5 μm. The lath thickness in twins was 5–10 nm. In 
such areas, residual austenite layers 20–40 nm thick were located next to 
martensite twins. 

In the region 4 HAZ microstructure, ferritic grains of 3–4 μm in size 
and darker bainitic grains of 1.5–1.7 μm were found (Fig. 7, a). A more 
detailed examination of the microstructure revealed granular bainite 
grains with unclear boundaries (Fig. 7, b), as well as sections of the lath 

bainite morphology (Fig. 7, c). The width of bainitic ferrite laths was 
60–250 nm. The formation of unclear bainite sections was associated 
with nonequilibrium conditions upon cooling after welding and a short 
duration at temperatures sufficient for the bainitic transformation. The 
granular bainite block sizes ranged from 0.5 to 1.2 μm. At the granular 
bainite grain boundaries, the M-A constituent areas were located that 
consisted of twin martensite packets and residual austenite sections 
(Fig. 7, d–f). The widths of twin martensite packets were 250 nm and 
their lengths were 600 nm. The thicknesses of twin martensite laths were 
5–10 nm. The slender-shape residual austenite layers were 10–20 nm 
thick and up to 200 nm long. 

At the boundaries of ferritic and bainitic grains, there were larger 
sections of the M-A constituent of a massive shape with a length of 1000 
nm and a width of 600 nm (Fig. 7g and h). Inside them, the M-A 

Fig. 7. TEM images of the region 4 HAZ: a–d – the bright field images of the bainitic microstructure; e − the microdiffraction pattern from the area shown in Fig. 7, d: 
the arrows indicate reflexes of the [110]α, [001]γ, [110]twin and [120]α zones; f – the dark field images in the 020 reflex from γ-Fe; g – the bright field image of the 
М-А constituent; h – the corresponding microdiffraction pattern. 
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constituent was presented as twin martensite sections. 
It can be concluded from the analysis of the microstructure in the 

region 4 HAZ that the M-A constituent was predominantly represented 
by twin martensite areas. The fraction of residual austenite sections in 
the bainitic areas was 2–3%. 

3.2. Mechanical tests 

3.2.1. Microhardness 
Fig. 8 shows the microhardness distribution curves for the X70 steel 

welded samples in the hot-rolled state (curve 1) [12] and after 
cross-helical rolling (curve 2). Compared to the BM microhardness 
values of 170–185 НV, they increased in the weld region. Microhardness 
of the both steels increased up to 380 HV in the FZ. The heterogeneous 
microhardness value distribution was revealed in the HAZ of the 
hot-rolled steel. A significant increase in the microhardness values up to 
640–670 НV was observed on the curve. In the steel after cross-helical 
rolling, the microhardness value distribution curve was smoother in 
the HAZ with the gradual decreasing down to the BM level. The 
maximum microhardness values were observed in the both CG HAZ and 
FG HAZ regions (370 HV and 340 HV, respectively). In contrast, the 
maximum values were found in the IC HAZ of the hot-rolled steel. 

3.2.2. Tensile behavior 
As was shown in Ref. [12], tensile strength of the X70 hot-rolled steel 

welded samples decreased insignificantly by 7%, and ductility by 11% 

compared with those of the BM (Table 2). These parameters were 
reduced by 9% and 20%, respectively, for the steel after cross-helical 
rolling. 

4. Discussion 

Upon laser welding of the X70 steel after cross-helical rolling, the 
narrow weld had been formed. Four regions were found in the HAZ. The 
phase composition, the size, and the morphology of structural elements 
were different in each region because the thermal cycles (the heating 
and cooling rates) had been various as well. 

Table 3 shows the bainite structural characteristics in different re-
gions of the HAZ. A comparison of three HAZ regions of the X70 steel 
after cross-helical rolling showed that in the FG HAZ (region 2), in which 
the martensite and bainite microstructures had been formed, upper 
bainite and martensite laths were wider than that in other HAZ regions. 
This was due to higher heating temperatures (the lower region of the γ 
phase existence) and large austenitic grains, as a result, as well as the 
high cooling rate. The M-A constituent was the slender type, while the 
residual austenite fraction was 3%. In addition, there were few elon-
gated twin martensite sections. 

When the metal had been heated up to the range of the inter-critical 
temperatures, the carbon concentration had been inhomogeneous in the 
IC HAZ (region 3) due to the formation of ferrite and austenite sections 
depleted and enriched with carbon. This fact was noted in Ref. [16]. 
After the bainitic transformation in austenite areas with the locally 
increased carbon content, the M-A constituent fraction in the micro-
structure was significantly enhanced. The residual austenite fraction 
rose up to 9%, and the sizes of the twin martensite areas increased up to 
(500–700) × 1600 nm. 

In the region 4 H AZ, ferritic grains, granular and lath bainite were 
present without pearlite inclusions. This testified to the metal heating up 
to the (γ + α) region temperatures. The metal temperatures closer to the 
Ac1 critical point resulted in the carbon content increasing in austenite 
formed from pearlite [25]. In the areas enriched with carbon, the Ms 
point of the martensitic transformation had shifted to the region of lower 
temperatures. Therefore, the M-A constituent was predominantly rep-
resented by twin martensite sections in the region 4 HAZ (Fig. 7, g), 
while the residual austenite fraction was 2–3%. However, the M-A 
constituent fraction was less in the region 4 HAZ than that in the in the 
region 3. The obtained data were consistent with the results of [26,27], 
in which it was found that the largest amount of the M-A constituent had 
been formed at temperatures of 15–50 ◦C above the Ac1 critical point. 
The authors of [28] showed that austenite sections supersaturated with 
carbon had possessed only the martensitic transformation upon heating 
up to the Ac1 critical point region and subsequent rapid cooling. With an 
increase in the heating temperature to the mid-range of the (γ + α) re-
gion, the transformed austenite fraction increased and the carbon con-
centration decreased inside it. This caused the bainitic transformation 
upon cooling, diffusion of carbon into residual austenite, and the sub-
sequent martensitic transformation. The high M-A constituent fraction 

Fig. 8. The microhardness value distributions in the X70 steel welds: 1 – hot- 
rolled; 2 – after cross-helical rolling. 

Table 2 
The mechanical properties of the Х70 steel.  

Steel YS, МPа UTS, MPa ε, % 

Hot-rolled, base metal 380 650 23.7 
Hot-rolled, weld metal 390 600 ↓7% 21 ↓11% 
After cross-helical rolling, base metal 435 760 24 
After cross-helical rolling, weld metal 445 690 ↓9% 19 ↓20%  

Table 3 
The structural component sizes in various HAZ regions of the X70 steel.  

HAZ region hВ, nm hRA, nm lRA, nm VRA, % harea twin, nm h twin, 
nm 

After cross-helical 
rolling 

FG HAZ 200–350 30–50 400–500 3 (40–200) ×
(150–600) 

5–10 

IC HAZ (region 
3) 

50–200 20–40 150–400 9 (500–700) × up to 1600 5–10 

IC HAZ (region 
4) 

60–250 GB =
500–1200 

10–20 30–200 2–3 250 × (500–600) (up to 600 ×
1000) 

5–10 

Hot-rolled IC HAZ [12] 140–300 Slender 20–60 Massive 
80–120 

100–800 10–16 (170–200) × 370 5–7 

hВ is the width of bainitic ferrite laths; hRA is the thickness of the residual austenite plates; lRA is the length of residual austenite sections; VRA is the residual austenite 
fraction area; harea twin is the dimensions of twin martensite areas; htwin is the thickness of twins; GB is granular bainite. 
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had been formed in the microstructure as a result, while it was lower 
after heating up to the Ac1 region. It was also shown in Ref. [29] that the 
sizes and the fraction of the M-A constituent reduced with the carbon 
content increasing in the formed austenite microstructure due to its 
stabilization and the Ms point decreasing. 

In the weld zone of the steel after cross-helical rolling, the maximum 
microhardness values were observed in the FZ (Fig. 8) because of the 
formed martensitic microstructure with high residual stresses. In the 
HAZ, they were lower and gradually decreased due to the shifting from 
the martensitic microstructure to the ferritic-bainitic one. 

In contrast, the maximum microhardness was observed in the IC HAZ 
of the X70 hot-rolled steel, but not in the FZ [12]. In this case, the 
microhardness values reached 640–670 HV (Fig. 8). It was shown that 
the high microhardness values in the IC HAZ were due to formed upper 
degenerate bainite with high residual stresses. It was characterized by 
long laths up to 2.0–2.5 μm and the high М-A constituent fraction 
(10–16%) of the slender shape along the boundaries of bainite laths. The 
BM of the X70 hot-rolled steel possessed large ferritic and pearlitic 
grains with the sizes of about 12 μm and pronounced pearlitic bands 
[12] (Fig. 1, a). As a result, the pearlite areas had transformed into the γ 
phase upon the IC HAZ metal heating. After its cooling, granular bainite 
formed at the boundaries of prior pearlite areas in addition to upper 
bainite laths. This testified to the fact that partial carbon diffusion had 
occurred into neighboring ferrite areas upon cooling. As a result, the 
carbon concentration decreased at the boundaries of prior pearlite areas. 
As noted above, the bainitic transformation rate was higher with a 
decrease in the carbon content. The start bainitic transformation point 
had increased and granular bainite had formed [30]. However, most of 
prior pearlite areas possessed a high carbon concentration due to the 
limited carbon diffusion process duration. Inside them, degenerate 
upper bainite laths with the high M-A constituent fraction had been 
formed. Therefore, high microhardness values were observed in this 
region. 

In the steel after cross-helical rolling, ferrite and pearlite grains were 
more dispersed with sizes of about 5 μm (Fig. 1, b). Moreover, bainitic 
grains were in the microstructure. The carbon concentration was more 
uniform inside them compared to that of the ferrite-pearlite micro-
structure. As it was shown in Ref. [31], the lower were the austenitic 
grain sizes, the less were bainitic grains after the microstructure trans-
formations upon welding. Therefore, the microstructure was finer in the 
IC HAZ of the X70 steel after cross-helical rolling. The structural element 
banding was weakly expressed. This resulted in the more uniform 
microstructure, compared with that of the hot-rolled steel [19]. The 
smaller were the pearlite grain sizes, the easier carbon diffused into 
neighboring ferrite grains, and the smaller were lath areas with high 
residual stresses. Lath bainite areas were intertwined with granular 
bainite (Fig. 6, a). It is known [32] that small austenitic grains reduced 
the steel tendency to be quenched upon welding. As a result, the lower 
microhardness level was observed in the HAZ compared to that of the 
hot-rolled steel. 

Thus, the microstructure in the HAZ of the X70 steel after cross- 
helical rolling was characterized by greater dispersion and formed 
granular bainite in addition to upper bainite laths, as well as the lower 
M-A constituent fraction and its smaller sizes compared to the coarse- 
grained hot-rolled steel. All of these provided the lower microhardness 
level and the more uniform value distribution in the HAZ. Therefore, one 
of the ways to reduce the brittleness of the laser welded joints could be 
using the initially fine-grained steels possessing homogeneous (mainly 
bainitic) microstructure. 

5. Conclusions  

1. As a result of laser welding of the X70 steel after cross-helical rolling, 
four regions were observed in the HAZ. They were characterized by 
the size and the morphology of microstructural components. In the 
fine-grained region (FG HAZ), martensite and upper degenerate 

bainite had been formed. Between laths, the martensitic-austenitic 
(M-A) constituent sections of the slender type were located. They 
consisted of residual austenite and twin martensite. In the middle of 
the inter-critical HAZ (IC HAZ), ferrite, upper degenerate bainite, 
and the small granular bainite fraction were found, in which the M-A 
constituent of the slender shape (in the form of residual austenite) 
and the massive one (in the form of twin martensite) were present. 
On the IC HAZ edge, bainite of the predominantly granular 
morphology had been formed with the M-A constituent regions 
constituting the massive shape in the form of twin martensite.  

2. It was shown that the microstructure in the IC HAZ of the X70 steel 
after cross-helical rolling was more dispersed, homogeneous, and 
uniform compared to that of the hot-rolled steel due to the initial 
fine-grained ferrite-bainitic-pearlite microstructure and the absence 
of pronounced ferrite-pearlite banding in the BM.  

3. Unlike the hot-rolled X70 steel, the character of the microhardness 
value distribution in the HAZ of the one after cross-helical rolling 
was smooth with the gradual decrease from 370 down to 185 HV as 
shifted towards the BM. This was facilitated by the formed bainitic 
structure with lower stresses and a smaller proportion and di-
mensions of the M-A component. 
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