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Abstract. Hardness, impact toughness, and structure of slot gap welds (TIG) of low alloyed
steel with the ensured yield stress of 890 MPa have been investigated. According to obtained
results, the considered technological procedure provides equal strength of the weld and base
metals as well as appropriate cold resistance.
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1. Introduction

To make constructions operating under high loads in arctic regions, shipbuilding has a
persisting demand for rolled high-strength low alloyed steels with good weldability.
Following the requirements of Russian Maritime Register of Shipping, CRISM "Prometey"'-
NRC "Kurchatov Institute” has developed steel with a guaranteed yield stress of 890 MPa
delivered in thickness of up to 50 mm. Constructions of this steel should ensure reliability
when working in polar latitudes and, in this regard, the crucial technological stage is welding.
Indeed, it is very hard to get high toughness and cold resistance at a melt-like structure of
weld metals strongly affected by the thermal cycle, whereas superposition of weld-related
residual stresses with external loads can result in excessive tensile stresses near constructional
and technological concentrators. Any employed thermal cycle of welding specifically
influences all the above-mentioned factors [1,2].

Argon-arc welding (TIG) [3] enables one to comply with particularly strong
requirements to welded joints of high-strength steels [4-8] — formation of the weld metal
which ensures a combination of vyield strength over 800 MPa and impact energy at
temperatures of -40°C and below. This is due to the formation of a dispersed structure of the
weld metal. To this end, in particular, the slot gap welding is employed that diminishes the
metal deposition and hence consumption of welding wire as well as the level of residual
stresses [9,10]; note that related deformations, in this case, become linear rather than angular
and also diminish residual stresses. The local strengthening due to the slot gap geometry
admits an increase of weld joint strength at the minimum weld reinforcement [11].

The present work is aimed to investigate the structure and properties of slot gap weld
joints of 50 mm in thickness made by argon-arc welding (T1G) of steel with the yield stress
not less than 890 MPa.

2. Methods

When developing a technological procedure for the slot gap welding (TIG) with a tungsten
electrode, a scheme of ends preparation, and geometry of weld joints have been selected, the
welding parameters determined and the main requirements to the process formulated.
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For the preparation of the slot gap, combs have been previously deposited onto ends of
welded details. This expedient is employed to make complete use of the "local strengthening"
effect [12] i.e. constraint of a thin soft layer (weld metal) by harder adjacent parts of base
metal. As far as the plasticity of steel saves its volume, any plastic tension along the direction
of applied stress o; should result in compression of the same layer in transversal directions;
hence, as illustrated in Fig. 1, positive reactive stresses o, and o3 appear which reduce the
equivalent stress and thus necessitate increased o; and P to satisfy the Mises condition of
plasticity.
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Fig. 1. Scheme of the "local strengthening” in case of slot gap welding where a thin softer
layer is constrained by harder surroundings

It is worth noting that to employ advantages of the thin slot gap is rather difficult
because the latter complicates manipulations with the welding torch. Accordingly, lack of
interrun and side fusion is the most common defect in narrow weld joints. In order to exclude
such defects, the welding parameters have been carefully selected by experiments to form
proper bead in a slot gap and provide a guaranteed fusion of the welded edges and the
previous bead (combs deposited onto ends when root passing). The chemical composition of
the steel with yield stress not less than 890 MPa, to be welded, is given in Table 1.

Table 1. Chemical composition of steel

C Si Mn Cr+Mn+Ni+Cu S P V+Nb CET*

0.09 0.22 1.30 Added 0.0017 | 0.007 Added | 0.37 %

*CET = C + (Mn+ M0)/10 + (Cu +Cr)/20 + Ni /40

The coupons of 50 mm thick are gap welded with combs deposited onto detail ends
were prepared. As widely accepted in Russian shipbuilding for high-strength steels, welding
wire C-07XH3M/J] (Sv-07HN3MD) are usually used that provides appropriate physical-
mechanical properties of the weld joints made by TIG. The fusion depth has not been
measured since in the argon-arc welding this parameter can be reasonably evaluated in terms
of Imm depth per 100 A current [13]. Specific energy input was 2.6 kJ/mm with no
preheating of coupons, and inter-pass temperature did not exceed 150°C. General view of the
joint is illustrated in Fig. 2 where b = 12** mm; 1 = 20", mm; q = 2*%; mm.
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Fig. 2. General view of a joint made by argon-arc welding (TIG)

Templets to measure hardness, specimens for static and impact bending, and
metallographic sections have been cut off the weld joint. Vickers hardness is determined at
the load of 49 N along lines separated by 2 mm from both joint boundaries and a line situated
in the mid-width. Bending tests (tensile stress at the lateral side of the joint) are implemented
at a bend former of 40 mm diameter (4 thicknesses of the specimen).

Sharpy specimens were taken 2 mm from the side of the last pass; notches have been
introduced after etching the probe and individual marking of specimens in the weld metal, at
fusion line, and 2 mm from the latter. The shape and dimensions of the notch were verified by
optical microscopy with magnification 30. The testing was performed at 0°C.

Metallographic analysis of structure with optical microscope Axiovert 40MAT was
made on etched sections and fracture surfaces were assessed using scanning electron
microscope ResEM 535.

3. Results

A typical weld joint is shown in Fig. 3a consists of 20 layers, each made by two partly
overlapping passes. According to this picture, combs are completely remelted, the fusion line
is appropriately straight, bead dimensions are stable, and there are no visible defects.

When tested by static bending (tensile load at a lateral weld side) with the required
angle of 120 degrees, none of the samples contains any visible defects on the stretched surface
(Fig. 3b), that confirms high deformability of trial weld joints. The determined hardness
distribution is shown in Fig. 4a-c and Fig. 4d represents the impact toughness of weld joints.

Fig. 3. General view of a weld joint (a) and of its statically bent sample (b)
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Fig. 4. The hardness of weld joint of 500 mm thickness at a distance of 2 mm from the upper
side (a), at the mid-line (b), and 2 mm from the lower side (c); impact toughness at 0°C (d),
where mean values are given for the fusion line (FL) and at a distance of 2 mm from the
fusion line (FL+2mm)

The microstructure of weld metal in the region of extended dendrites is mostly a
mixture of martensite and lath bainite; a fraction of granular bainite does not exceed 20% and
no ferrite is detected, Fig. 5a-c. This phase composition is predetermined by a high carbon
equivalent of weld wear [14,15].

A sharp decrease of hardness in the weld metal shown in Fig. 4 may be due to features
of melt (dendritic) structure, as well as chemical non-uniformity and voids on its interfaces. In
the mid-thickness of weld metal, a fraction of more than 50% comprises superimpositions and
HAZ volumes of beads, Fig. 5¢c. Annealing or tempering of such domains [16] forms
structures of tempered bainite which have lower hardness (Fig. 4 b).

Fig. 5. Investigated weld joint: general appearance (a), weld meatal structure in the area of
extended dendrites (b) and the area of superpositions and HAZ of beads (c)
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Analysis of various domains of heat-affected zones (HAZ) of joints brings the following
results. The overheated coarse-grained region (CGHAZ) adjacent to the fusion line has a
structure of lath martensite transformed from coarse-grained (120 to 150 um) austenite,
Fig. 6a, and hardness close to that of dendritic structure in the weld metal. The size of this
region is 300 to 400 um. In the fine-grained area (FGHAZ) of HAZ extending over about
500 um bainitic domains are observed in addition to martensite; dimensions of related
domains vary from 70 to 20 um when going from the fusion line, Fig. 6b, where hardness is
decreasing.

Fig. 6. Structures of HAZ regions: CGHAZ at the fusion line (a), FGHAZ (b), inter-critical
ICHAZ (c), sub-critical SCHAZ with enhanced carbide formation (d), and base metal (e)

The third region (ICHAZ) of 2 to 3 mm size (Fig. 6¢) forms after heating at inter-critical
temperatures and has no distinct interfaces. ICHAZ is made of tempered granular bainite
whose element dimensions vary in the range 1 to 10 um. Usually, hardness within this region
is notably lower than in the previously considered ones [17].

Another region extending over 300-500 um is peculiar in pronounced carbide formation
corresponding to the heat removal direction in welding (Fig. 6d) and hardness increasing up
to the level of base metal. In the multi-pass welding dimensions of this and previous (third)
regions depend on the coordination of neighboring beads. Next, a typical bainitic-martensitic
structure of the base metal [18] is represented in Fig. 6e.

According to Fig. 4d, mean values of impact toughness at the fusion line (near the base
metal) and 2 mm from the latter are 220 and 146 J/cm?, respectively. The corresponding
fracture surfaces of Sharpy specimens are shown in Fig. 7.

When the notch is situated at the fusion line, Fig. 7a, ductile inter-granular fracture took
place assisted by cleavage areas and delamination at interfaces of weld metal. Fig. 7b
represents a ductile in-grain fracture in CGHAZ that occupies not more than 10% of the
fracture surface.

In case of the notch remoted by 2 mm from the fusion line, the fracture surface contains
a mixture of ductile trans- and inter-crystalline fracture in ICHAZ of dispersing bainite
(Fig. 7c) and ductile dimple fracture of in-grain character in SCHAZ with the enhanced
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formation of carbides, Fig. 7d. No embrittlement signs are found on the fracture surface
whereas transitions between fracture types are rather smooth that provides appropriately high
toughness of these two zones of HAZ.

c
Fig. 7. Fracture surfaces of Sharpy specimens with notches at the fusion line (a, b) and 2 mm
from the latter (c, d)

To sum up, the microstructure of weld metal and HAZ as well as the fracture character
evidence for equal strength levels [19] of weld metal, fusion line, and HAZ of weld joints.

4. Conclusions

The investigated low carbon steel with an ensured yield stress of 890 MPa displayed uniform
strength and good cold-resistance of its weld joints. This result, verified by mechanical testing
and structure analysis in various domains of the joints, enabled the authors to recommend
optimum parameters of argon-arc slot gap welding (TIG) of this perspective material.
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