Properties of High Strength Low Alloy Steel after Welding
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Abstract
Niomol 490 K steel belongs to the group of High Strength Low Alloy Steel (HSLA). The aim of this study was to determine the transition temperature of the Charpy impact toughness of welded Niomol 490 K steel. The samples for testing of the Charpy impact toughness were heat treated in order to obtain different microstructures. Metallographic samples were prepared according to the classical procedure. For microstructure analysis an optical microscope and scanning electron microscope were used. Heating that appears at the deposition of the next welding layer was simulated by short heating into the two-phase region (austenite and ferrite). It is found that impact toughness is highly dependent on steels microstructure. The transition temperature of the Niomol 490 K steel in the initial state was about -67 ° C. After water quenching from 920 °C, the Charpy impact toughness of the upper level was reduced to about a half of the value than that of the steel in the initial state. After reheating to 750 °C, the toughness was reduced by approximately half of the value that in water quenched sample. The fracture surface in the region of a completely ductile fracture shows the areas of shear decohesion. The transition from the brittle to the ductile fracture shows that the crack propagation path expands with the plane slip to the first tiny dimples.
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1. Introduction
Niomol 490 K is a fine-grain structural steel with a high flow stress, which is free from preheating due to its chemical composition. It belongs to the group of high strength low alloy structural steels (HSLA - High Strength Low Alloy Steel) with a content of alloying elements: Mn, Cr, Mo, Ni, etc. << 5 wt.% [1,2]. It belongs to a special group of HSLA steels, microlalloyed steels, in which the concentration of microalloying elements (Nb, Ti, V, Al, etc.) is totally or individually less than 0.1 wt.% [3-8].

In control tests of industrial welds, it was shown that the transition temperature of Charpy impact toughness is slightly higher in thin welds than in the welds of thick surfaces. In this case, the fracture is carried out in the heat affected zone where the highest temperature is reached during welding and where the largest crystalline grains of austenite have grown. In a narrow area of the heat affected zone, the temperature is so high that the particles of the phases dissolve, which otherwise inhibit the growth of crystalline grains of austenite, for example, precipitates of AlN, Nb(CN), V(CN), and TiC, and the rapid migration of crystalline boundaries of austenite is therefore possible [9,10].

In the Niomol 490 K steel, which is less flammable, after heating to high temperature, the transient temperature of the toughness is low and greatly increases after heating to simulate the deposition of the second weld. The transition temperature of the toughness is higher in this steel after the slow cooling than after the rapid cooling between the temperatures of 800 and 500 ºC.

The systematic tests of a relatively large number of welds clearly showed that in this same steel and under the same welding conditions, the transition temperature of Charpy impact toughness was higher in welds of 15 mm thick plates than in welds of 25 mm thick plates. These investigations were deepened and extended by research using thermomechanical states simulators (Gleeble 1500), where the steel was heated to the temperatures of heat affected zone which is the region of maximum growth of crystalline austenitic grains and reheating which simulates the temperature conditions in applying the next welding layer for multi-welding procedure [1].

In Niomol 490 K steel the transition temperature of the impact toughness is lower after heating to a high temperature, but it increases after reheating which simulates the application of the next (second) weld. The transition temperature of the impact toughness in Niomol 490 K steel is higher after slow cooling between the temperatures of 800 and 500 °C. The aim was to simulate the changes caused by reheating at 750 °C which appear by the subsequent welding.
2. Experimental
The tests were carried out on the high strength microalloyed structural steel Niomol 490 K. The Charpy test specimens were heat treated with the aim of obtaining various microstructures. The Niomol 490 K steel plates were prepared as standardized samples for Charpy impact toughness measurement. The samples were austenitized at 920 °C (20 minutes) and then quenched in water. Samples before and after heat treatment were heated to a temperature of 750 °C for 5 seconds in a thermo-mechanical Gleeble 1500 simulator, kept at this temperature for 3 seconds and cooled to approximately 140 °C in approximately 40 seconds. At the end of the preparation, a Charpy ''V'' cut was made on the specimens by ISO-V standard.

The Charpy impact test was performed on Charpy impact test instrument. Charpy impact tougness was measured at a temperature range between -196 °C to 20 °C (for initial state material and for both quenched and reheated samples at 750 °C, or up to 60 °C (for samples quenched in water from 920 °C). For the transition temperature of the toughness we determined the one at which the Charpy impact strength has reached the mean value between the maximum and the minimum temperature toughness. The determined transition temperature allows using a uniform transition criterion for all the heat treated samples. 
Metallographic samples were prepared according to the classical procedure: mechanical grinding, polishing and etching with nital (2%). For microstructural analysis the Nikon Microphot FXA optical microscope equipped with the 3CCD Hitachi HV-C20A video camera and analySIS software was used. Microstructure characterization of the samples and fracture surfaces examination were performed on a scanning electron microscope Jeol JSM 5610.

3. Results and discussion
The chemical composition of Niomol 490 K steel (Table 1) is within the tolerance limit of the allowed elements content for the Niomol 490 K steel. The microstructure in the initial state sample is acicular ferrite, perlite and bainite (Figure 1). After quenching in water from 920 °C, the microstructure was contained of ferrite matrix with martensite grains and sporadically distributed cementite exclusions (Figures 2a and 2b). After reheating to a temperature of 750 °C, a water quenched steel microstructure is formed from ferrite and primary and secondary martensite, with the cementite particles arranged in the ferrite matrix (Figures 3a and 3b).
Table 1. Chemical composition of Niomol 490 K steel, wt. %.
	C
	S 
	Al
	Ni
	Cr
	Si
	Mn
	P
	Cu
	Mo
	Ti
	Nb

	0,11
	0,004
	0,019
	0,15
	0,54
	0,36
	0,50
	0,012
	0,29
	0,34
	0,014
	0,032
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Figure 1. SEM micrograph of Niomol 490 K steel in the initial state

(ferrite, bainite, perlite); SEI image
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Figure 2. Optical micrograph (a) and SEM micrograph, SEI image (b) of Niomol 490 K steel quenched in water from 920 °C; ferrite in martensite
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Figure 3. Optical micrograph (a) and SEM micrograph, SEI image (b) of Niomol 490 K steel quenched in water from 920 °C and reheated at 750 °C; ferrite, primary and secondary martensite
In Figures 4 and 5, Charpy impact toughness of the Niomol 490 K steel is given as a function of the temperature. The Niomol 490 K steel transition temperature in the initial state was about -67 °C. After quenching in water from 920 °C, the Charpy impact toughness of the upper level was reduced to about a half of the value than that of the steel in the initial state. After reheating at 750 °C, the toughness was reduced by approximately on a half of a value than that in quenched steel sample. The toughness at the notch begins to grow above -30 °C due to the quasi-ductile and ductile fracture.
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Figure 4. Temperature dependence of the impact toughness of the Niomol 490K steel in initial state and reheated to 750 °C
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Figure 5. Temperature dependence of the impact strength of Niomol 490 K steel after water quenching and after reheating at 750 °C
On the fracture surfaces there are areas that belong to different fracture mechanisms. At the fracture surface, in the area of completely ductile fracture, the areas of shear decohesion appear [11] (Figure 6). At larger magnification, the cracks in the normal and shear dimples vary in size and shape (Figures 7 and 8). On low-tough test samples, that broke in the temperature range where the toughness energy increased linearly i.e. above -20 ° C, the fracture surface has a specific shape. At the transition from the initial shear surface to the sphere of cracks, the crack does not have a sharp border. It can be concluded that the transition from the brittle to the ductile fracture has a crack propagation expansion with a plane slip to the first fine dimples (Figure 9) [12]. In the case of a brittle fracture, the shape and size of the fracture surfaces depend on the size of ferrite or austenite grains (Figure 10). The shape of the fracture surfaces is similar in water quenched (920 °C) sample.
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Figure 6. SEM microfractograph of the Niomol 490 K steel surface in the initial state at 22 °C, SEI image
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Figure 7. SEM microfractograph of Niomol 490 K steel at 22 °C, normal decohesion, SEI image
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Figure 8. SEM microfractograph of Niomol 490 K steel at 22 °C, fracture with dimples, shearing decohesion; SEI image
[image: image11.png]



Figure 9. SEM microfractograph of Niomol 490 K steel quasiductile fracture within the bottom of a shallow dimple, sample quenched at 920 °C
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Figure 10. SEM microfractograph of a brittle fracture surface of Niomol 490 K steel quenched at 920 ° C
4. Conclusion
The aim of this work was to determine the transition temperature of the Charpy impact toughness of welded Niomol 490 K steel. Heating during the deposition of the next welded layer was simulated by short heating into the austenite and ferrite region. The tests included determination of Charpy impact toughness from completely brittle to completely ductile fracture, and microstructure and fracture surface examinations. From the results of the tests and their analysis can be withdrawn following conclusions:

· The microstructure in the initial state is composed from acicular ferrite, perlite and bainite. The ferrite matrix with martensite grains and sporadically cementite exclusions appear in microstructure after water quenching from 920 °C. After reheating to a temperature of 750 °C, a water quenched sample has ferrite and primary and secondary martensite microstructure, with the cementite particles placed in the ferrite matrix.
· The impact toughness of Niomol 490 K steel is highly dependent on the steels microstructure. The transition temperature of the Niomol 490 K steel in the initial state was about -67 °C. After water quenching from 920 °C, the impact toughness of the upper level was reduced to about a half of a value which was in the initial state sample. After reheating to 750 °C, the toughness was reduced by approximately a half of a value of the quenched sample.
· At the fracture surface in the region of a completely ductile fracture, the areas of shear decohesion appear. At the transition from the initial shear surface to the sphere of cracks, the crack does not have a sharp boundary. The transition from the brittle to the ductile fracture spreads by cracks expansion with a plane slip to the first tiny dimples.
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