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Abstract 

The extraction, storage and transportation of liquefied 

natural gas (LNG) demands extreme requisites from the 

properties of the engineering materials, namely high 

strength and toughness in cryogenic domain conditions. 

In particular, the 9 % nickel steel is an advanced solution 

able to extend the reliability and life cycle of key 

structural components. The solid-state thermomechanical 

processing by friction stir welding (FSW) should enable 

to preserve the original good properties of these steels 

improving their weldability. This work is a preliminary 

study about weldability of 9% Ni steel with FSW 

process and the main aim of this work is to evaluate and 

compare the microstructural features of single and 

double-pass FSW in 9 % nickel steel plates. The 9 % 

nickel steel (11 mm thick) was FSW welded on both 

sides with a partial penetration of about 6 mm. The 

metallurgical features of all the different zones were 

evaluated via optical microscopy, EBSD mapping and 

microhardness mapping. Focus was given to the 

measurement of retained austenite (RA) volumetric 

fraction. The second pass changes the microstructure of 

the first weld nugget from bainite to ferrite-bainite, with 

the prior austenite grain boundary well outlined. Upon 

the second pass the cross section of the weld bead 

presents a composite microstructure typical from 

functionally graded materials. The hardness of the weld 

nugget is 45 % higher than the base metal and, after the 

second pass, it is reduced, but it is still 12 % higher than 

the base metal. 

Keywords: Friction stir welding; 9 % nickel steel; 

Microstructure; Weldability. 

1. Introduction 

Currently there are various industrial sectors where the 

weldability by FSW of steels is studied. The oil and gas 

sector is one of those. Among the diverse range of steels 

used by this sector, we can highlight materials for 

exploration, transportation and storage of LNG. This 

application requires specific working conditions. The 

material must have good toughness and high strength at 

cryogenic temperatures [1-5]. 

One of the main types of steels used in storage of LNG 

are the nickel steels. For these applications the steel with 

9 % nickel is the most commonly used since it has the 

highest toughness at -196 °C [6, 7]. The microstructure 

of this material contains martensite, bainite and RA. The 

volumetric fraction of RA varies between 4 and 15 %, 

depending on the heat treatment that it undergoes [8, 9]. 

Syn, et al. [9, 10] states that the increase of volumetric 

fraction of RA contributes to improve the toughness of 

this material. 

2. Material and Experimental Procedure 

Friction stir welding was performed on 9 % Ni steel 

plates, ASTM A553 Type I. The plates were hot rolled 

and heat treated via QLT. Chemical composition [wt. %] 

of the plates is C: 0.08, Mn: 0.73, Si: 0.35, P: 0.006, S: 

0.003, Ni: 9:40, O: 0.002, N: 0.0033. Dimensions: 

170 mm (RD) x 75 mm x 11.5 mm (thickness). 

The plates were machined on both sides, to 11 mm 

thickness, to improve their flatness. Two samples were 

welded along RD, one sample with one weld bead (WB) 

and the other with two WBs, one on each side of the 

joint. All welds were performed with same parameters. 

FSW was carried out using a polycrystalline cubic boron 

nitride tool with scrolled shoulder and probe. The 

shoulder was convex with a diameter of 25 mm and the 

probe length was 5.7 mm. The process parameters were: 

Ω = 400 rpm; Fz = 25 KN; v = 60 mm/min. The rigid 

anvil was internally water cooled (10 °C @ 46 l/min). 

Argon was used (100 % @ 20 l/mm) as shielding gas to 

protect the tool and the WB. 

Vickers microhardness testing was performed using a 

force of 0.5 kgf and a spacing of 0.3 mm between 

indentations. Macrographs were done with Nital 10 %. 

For characterization by optical microscopy the etchants 

used were Nital 2% and Klemm I (color etching to reveal 

RA as white points). The EBSD maps were run on a 

FEG-SEM with step size of 0.1 m for which the 

samples were mechanically polished and the final 

polishing was performed with colloidal silica. 

3. Results and Discussion 

Fig. 1a, 1b and 1c show the martensitic microstructure in 

the base metal (BM) with segregation bands produced by 

the rolling process. The RA is dispersed in the 

segregation bands, Fig. 1b and 1d. Fig. 1e and 1f confirm 

via EBSD technique the presence and location of the RA 



 

 

with a volume fraction of 7.3 %. 

The hardness in the weld nugget (WN) of sample 1 

(Fig 2a) is 350 HV0.5, 45 % higher than the BM 

(240 HV0.5). The influence of tool shoulder in WN 

cannot be observed in the hardness map. Fig. 3a shows 

the WN microstructure of sample 1, which has a 

different martensite morphology when compared with 

the BM. The RA is more spread (white points in Fig. 3b) 

when compared to the BM (Fig. 1d). The segregation 

bands observed in the BM (Figs. 1a and 1b) are 

eliminated by the mechanical work of the FSW process. 

Figs. 3c and 3d confirm via EBSD technique the 

decrease of volumetric fraction of RA in the WN, this 

reduction is 89 % (0.8 %) when compared to the BM. 

 

Figure 1. a) Microstructure of BM, red arrows are segregation and 

yellow arrows are martensite (Nital 2 %). b) Microstructure of BM 

with dispersion of RA (white points-Klemm I). c) Red arrows 

shows the segregation line (Nital 2%). d) Dispersion of RA in BM 

(white points-Klemm I). e) EBSD Map with IPF. f) The blue color 

is Fe-BCC phase and red points are Fe-FCC phase. 

The thermomechanically affected zone (TMAZ) and heat 

affected zone (HAZ) have the highest hardness values in 

the welded joint. These values range from 350 HV0.5 

(similar to WN) to 420 HV0.5. These values are, 

respectively, 45 % and 75 %higher than in the BM 

(240 HV0.5). The hardness of TMAZ shows no 

difference between retreating side (RS) and advancing 

side (AS). 

Figs. 4a and 4b show the TMAZ with a deformed 

microstructure due to the material flow around the tool. 

On Fig. 4c the microstructure presents a different 

morphology (yellow arrows) and with strong banding. 

The RA exhibits a tendency to accumulate near the 

deformed bands (Fig. 4d). 

The transition region between the HAZ and the BM 

(Fig. 4e) displays a reduction of the BM segregation 

caused by the welding thermal cycle. However, the RA 

(RA) is still present in the segregation bands in this 

region (white points of Fig. 4f and 4h). The 

microstructure of HAZ has a different morphology when 

compared to BM and the banded segregation is 

transformed into islands (Fig. 4g and 4i). The RA in the 

HAZ is present and is still located in the segregation 

bands, but less intensely than in the BM (Fig. 4i and 4j). 

 

Figure 2. a) Hardness map (HV05) of sample 1 with 3492 points. 

b) Macrography (RS-Retreating Side and AS-Advancing Side). 

 

Figure 3. a) Microstructure of WN with lath martensite (Nital 2%). 

b) Microstructure of WN with dispersion of RA (white points) with 

Klemm I etching. c) EBSD Map with IPF. d) The blue color is Fe-

BCC phase and red points are Fe-FCC phase. 

The transition region between the HAZ and the BM 

(Fig. 4e) displays a reduction of the BM segregation 

caused by the welding thermal cycle. However, the RA 

(RA) is still present in the segregation bands in this 

region (white points of Fig. 4f and 4h). The 

microstructure of HAZ has a different morphology when 

compared to BM and the banded segregation is 

transformed into islands (Fig. 4g and 4i). The RA in the 

HAZ is present and is still located in the segregation 

bands, but less intensely than in the BM (Fig. 4i and 4j). 

After the second WB, the first WN shows three regions 

with different microstructures and hardness. Fig. 6a and 

6b show the different microstructures of the first WN 

after the second pass. 

The hardness in the first region is the closest to that of 

the BM although it is still 12.5 % (270 HV0.5) higher 

than BM. This microstructure is represent by the 

region 1 in Fig. 6a with bainite and the prior austenite 

grain boundary well outlined (Fig. 6c). The RA is more 

easily identified (white points in Fig. 6d) compared with 



 

 

the Fig. 3b of first WN. 

 

Figure 4. Microstructure of the first sample. a) Transition between 

WN and TMAZ (Nital 2%). b) Transition between WN and TMAZ 

(Klemm I). c) Microstructure of TMAZ and yellow arrows are 

deformed microstructure (Nital 2%). d) Segregation of RA in 

TMAZ (Klemm I). e) Transition between BM and HAZ (Nital 2%). 

f) RA in the transition between BM and HAZ (Klemm I). 

g) Microestructure of HAZ (Nital 2%). h) Dispersion of RA 

between MB and HAZ (Klemm I). i) Segregation islands in HAZ 

(Nital 2%). Dispersion of RA in HAZ (Klemm I). 

The second region has hardness 31 % higher 

(315 HV0.5), than the BM (240 HV0.5). The 

microstructure of this region (Fig.  6e) is still bainitic but 

with different morphology than that of Fig. 3a. In this 

area there is more evidence of RA (white points in 

Fig. 6f) than in Fig. 3b of first WN. 

The third region of the first WN has hardness 54 % 

(370 HV0.5) higher than BM. This microstructure 

corresponds to region 3 of Fig. 6a. It exhibits a finer 

microstructure than regions 1 and 2 and is composed of 

ferrite and carbide (Fig. 6g). The RA (white points in 

Fig. 6h) is more dispersed and finer than in regions 1 and 

2 of the first WN after the second pass. 

 

Figure 5. a) Hardness map (HV0.5) of sample 2 with 3639 points. 

b) Macrography (RS-1 Retreating Side first welding, AS-1 

Advancing Side of first welding, RS-2 Retreating Side of second 

welding and AS-2 Advancing Side of second welding). 

 

Figure 6. Microstructure of the first WN after the second pass 

done. a) Three different microstructures in the first WN after the 

second pass done. b) Position of which microstructure in the first 

WN. c) Microstructure of position 1 (Nital 2%). d) Microstructure 

of position 1 (Klemm I). e) Microstructure of position 2 (Nital 2%). 

f) Microstructure of position 2 (Klemm I). g) Microstructure of 

position 3 (Nital 2%). h) Microstructure of position 3 (Klemm I). 

The hardness of TMAZ and HAZ of first WB after the 

second WB was reduced from 350 HV0.5 and 

420 HV0.5 to 280 HV0.5 and 350 HV0.5. All changes 

were due to the thermal cycle of second WB. 

Fig. 7a and 7b show that, similarly to the WN, the 

TMAZ has three different regions with different 



 

 

microstructures. However, the thermal cycle of the 

second WB did not remove the strong banding of the 

first WB. This banding is more intense in Fig. 7e and 7f 

than in Fig. 7c and is similar in the retreating side and 

the advancing side. One difference between the two 

sides is the direction of segregation banding. 

 

Figure 7. Microstructure of first WB after the second pass done. 

a) TMAZ has three area (Nital 2%). b) The three areas of TMAZ 

in the first WB. c) TMAZ Microstructure of the first WB more 

distance of the second WN (Nital 2%). d) Dispersion of RA (white 

points) in the Fig. 7c (Klemm I). e) Microstructure of TMAZ of 

first WB (Nital 2%). f) Dispersion of RA (white points) in the Fig. 

7e (Klemm I). g) TMAZ microstructure of first WB more close of 

the second WN (Nital 2%). h) Dispersion of RA (white points) in 

the Fig. 7g (Klemm I). i) Segregation islands in HAZ of the first 

WN (Klemm I). j) Dispersion of RA in the TMAZ between 

deformations structures (Klemm I). 

The retained austenite, in TMAZ of the first WB after 

the second WB, continues to show strong segregation in 

the deformation bands (Fig. 7d, 7f and 7h). However, the 

RA also features segregation at grain boundaries 

between the deformation bands of TMAZ (Fig. 7j). 

Fig. 7i indicates that, even after the second WB 

decreased the hardness in HAZ of the first bead, the 

segregation of RA is still located in the segregation 

bands from the rolling process of BM. 

The next step, in the future work, will be to study the 

toughness in welded joints of 9% Ni steel by FSW. The 

relation between the volumetric fraction of RA and 

toughness will be assessed. If the relation established by 

Syn, et al. [9, 10] also stands for FSW, then it is 

expected a lower toughness in the nugget zone, where 

the volumetric fraction of RA was found to be reduced. 

4. Conclusions 

The main conclusions are: 

1. The first weld bead decrease the volumetric fraction of 

retained austenite from 7.3 % of base material to 0.8 % 

in the weld nugget; 

2. Retained austenite in the TMAZ and HAZ is located 

at the deformation bands from rolling process of BM; 

3. Due to the interaction with the second weld bead the 

first weld nugget and TMAZ undergoes a transformation 

into three distinct regions with different microstructure; 

4. Second weld bead modifies the dispersion of retained 

austenite in each area of first weld nugget and TMAZ; 

5. The hardness in the first weld nugget, after the second 

weld pass, decreased from 350 HV0.5 to weld nugget 

270 HV0.5 and in the TMAZ and HAZ the hardness is 

changed from 350 HV0.5 and 420 HV0.5 to 280 HV0.5 

and 350 HV0.5. 
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