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Abstract

:

Invar alloy sheet was welded by resistance seam welding (RSW) with a constant electrode force and three different welding currents. Tensile properties were evaluated using instrumented indentation testing (IIT) with a spherical indenter and microstructure observations were obtained under an optical microscope. IIT performed on the base material at room temperature (RT) and −163 °C, a cryogenic temperature (CT), gave results in good agreement with those of tensile testing. The strength of each zone was higher in the order of heat-affected zone (HAZ) < weld nugget (WN) < base material (BM) because the amount of cold working was least in the BM, heavy metal elements and carbon vaporized during melting, and the WN was formed more tightly than the HAZ, effectively constraining the plastic zone generated by the indentation. As for the welding current, the nugget, which becomes larger and tighter as the current increases, more effectively constrained the plastic zone in the indentation, and this soon increased the strength. Generally, Invar is known to consist of single-phase austenite, and microstructure observations have confirmed that the average grain size is ordered as BM < HAZ < WN. Fan-like columnar grains developed in the direction of the temperature gradient, and equiaxed grains were observed near the BM. It was confirmed that the grain size in the WN also increases as the current is increased. Interestingly, the constraint effect with increasing nugget size was more important for strength than the grain size.
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1. Introduction


The demand for liquefied natural gas (LNG) continues to rise with the recent sharp increase in crude oil prices, and the concomitant construction of LNG storage tanks is also on the rise [1]. Alloys such as stainless steel, nickel steel, aluminum, and Invar alloys are used for LNG tanks. Since these tanks are exposed to extremely low temperatures (as low as −163 °C), it is essential to use cryogenic-temperature (CT) alloys with excellent mechanical properties at CT, especially high strength [2].



In the International Maritime Organization (IMO) classification, existing LNG carriers are classified as integrated or membrane-type (Mark-III and NO 96) and independent (Moss and SPB). Of these, membrane-type NO 96 LNG tanks (Figure 1) are most widely used because they are relatively inexpensive to produce [3]. The most important feature of this NO 96 type of tank is that both primary and secondary barriers use Invar sheets; the total weld length in the LNG carrier is about 250 km, of which 95% is welded automatically and 5% manually, and 90% of these automatic welds are resistance seam-welded (RSWed). In other words, the quality of the seam weld, which accounts for the bulk of the LNG carrier welds, has a great impact on the structural strength of the entire membrane. Nevertheless, while the reliability of the Invar base by fatigue property evaluation has been assessed by several researchers, tensile property evaluation of RSWed Invar welds itself has not yet been attempted because sampling of welds itself for tensile testing is not possible.



Therefore, we evaluated the tensile properties of Invar welds using IIT which does not require sample extraction and requires only a small area to test. IIT is a test developed from the hardness test that can non-destructively evaluate various mechanical properties [4,5], such as tensile property, residual stress, and fracture toughness, by analyzing a continuously measured load displacement curve [6,7]. IIT can assess material properties in situ and locally because samples need not be extracted, the test preparation and procedure are simple, and only a small area is necessary for testing. Due to these advantages, several researchers have used IIT for mechanical property assessment [8].



Tabor suggested a relationship between mean pressure in a spherical indentation and flow properties in tension testing by introducing a plastic constraint factor. Many researchers used the expanding cavity model (ECM) to study the relationship between mean pressure in a spherical indentation and flow properties in tension testing. Johnson [9] developed the ECM assuming the conversion of the core volume for a spherical indentation. In recent years, Kang et al. extended the model to work-hardening materials by introducing a scaling factor.



In this study, the tensile properties of RSWed Invar alloy at RT and CT were evaluated using a spherical indentation. The validity of the tensile property evaluation using IIT was first verified by comparing tensile test results of the BM at RT and CT; the results were confirmed to match well and were extended to the WN of Invar alloy. In addition, the changes in strength evaluated using IIT by zone and welding current were assessed by microstructure observation.




2. Theoretical Background


2.1. Determination of Strain-Hardening Exponent and Yield Strength


In order to evaluate tensile properties such as flow curve and strength, determination of the strain-hardening exponent is important. Previous research [10] has shown that this exponent can be estimated by the ratio-of-slope method. Kang et al. [10] rewrote the loading curve function and derived the indentation load L with respect to the contact radius a. To express strain hardening in materials, the ratio of slopes p is determined at two arbitrary contact radii,    a 1    and    a 2    (fixed as    a 1  = 150    µ m  ,    a 2  = 200    µ m  )  :


  p =         d L   d a    |     a 2            d L   d a    |     a 1       



(1)







Using the strain-hardening exponent from the ratio-of-slope method, we can estimate the yield strength from a modified Meyer equation. Meyer [11] found the relation between yield strength and Brinell hardness, and then George et al. [12] suggested an empirical relation between yield strength and a material constant:


   σ y  = β ⋅ C  



(2)




where  β  is a parameter describing the material class. This modified Meyer equation [12] provides good agreement with yield strength from the indentation load displacement curve.




2.2. Determination of Contact Area


The contact area is derived from the actual contact depth and is obtained from the geometrical shape of the spherical indenter. When materials are indented by this rigid indenter, elastic deflection and plastic pileup occur beneath it because of elastic and plastic deformation. Oliver and Pharr [13] suggested a contact depth equation by calibrating the elastic deflection from the indentation load displacement curve:


   h c  =  h  max   −  h d   



(3)




where    h c    is the contact depth and      h  max     and    h d      are the maximum depth and elastic contact.



Unlike elastic contact, plastic pileup is complex to calculate and no universal equation exists. Kim et al. [14] suggested a contact depth equation with plastic pileup using finite element analysis of the change with the indentation depth, indenter radius R, and strain-hardening exponent n:


   h c  =  (   h  max   −  h d   )   {  1 + 0.131  (  1 − 3.423 n + 0.079  n 2   )   (  1 + 6.258  (     h  max    R   )  − 8.072    (     h  max    R   )   2   )   }   



(4)







The elastic deflection is affected by stiffness from the unloading slope and the plastic pileup is affected by the strain-hardening exponent. Based on the geometrical shape of the spherical indenter, the contact area is estimated from the indentation contact depth and indenter radius as:


   A c  = π  (  2 R  h c  −  h c    2   )   



(5)








2.3. Representative Stress and Strain


A spherical indenter is used to evaluate tensile properties because it lacks self-similarity, which can express the change in strain. On the other hand, Vickers and conical tips cannot express the change in strain because these tips are geometrically self-similar: the contact angle during indentation remains the same. For a spherical indenter, the contact angle changes continuously during indentation, as does the stress field. Therefore, different representative stresses and strains can be estimated during indentation.



Tabor [15] suggested a relation between flow properties in tension and mean pressure in a spherical indentation using a plastic constraint factor  ψ :


   σ t  =  1 ψ   L   A c     



(6)






   ε t  = 0.2    a c   R   



(7)




where    σ t    and    ε t    are flow stress and strain in a uniaxial tensile test, L is the indentation load, and A and    a c    are the projected contact area and contact radius. The plastic constraint factor is known to be about 3, but many researchers have shown that the strain-hardening exponent affects the plastic constraint factor. In previous work, the ECM was used to estimate the plastic constraint factor and investigate the relation between tension and mean pressure. Using this model, Gao [16] analyzed the stress and strain fields beneath the indenter based on strain gradient plasticity and obtained a representative stress with the plastic constraint factor and strain. Recently, Kang et al. [10] suggested a scaling factor k to adapt this model to strain-hardening materials.



The representative strain is defined based on the sine function (Equation (8)) by analyzing the strain field beneath the indenter using the ECM:


   ε t  = α sin γ  



(8)







The constant  α  is determined by the ECM and has the value 0.25. The indentation strain depends on the contact radius only. Unlike sharp-tip indenters, here   sin γ   changes continuously during indentation and we can detect the change in indentation strain.




2.4. Determination of Tensile Properties


The strain-hardening shape of the tensile curve is expressed using the representative stress and strain obtained from the indentation test. Thus, the tensile curve can be described using the constitutive equation from the representative stress and strain points. The Hollomon equation is generally used to obtain the plastic flow curve:


  σ = K  ε n   



(9)




where K is a strength coefficient. The tensile strength is measured from tensile strain using the instability in tension:


   ε u  = n  



(10)







We can use the constitutive equation to evaluate the tensile strength from the indentation test. Thus, tensile properties such as the yield strength, tensile strength, and flow curve can be evaluated from these four stages using an instrumented indentation test [17,18].





3. Materials and Methods


3.1. Material


Here, Invar alloy, which has a single austenitic phase, was used as the BM. In addition to high elongation and toughness similar to existing austenitic steel, Invar alloy has many additional advantages, such as high strength and good weldability [19]. It is also suitable for use in areas where precise dimensions are required, especially because it has a very low shrinkage coefficient (about ten times below that of general steel) [20]. Table 1 shows the chemical composition of Invar alloy.




3.2. Resistance Seam Welding


Resistance seam welding (RSW) is a method widely used in sheet joining. The material is placed between two rotating electrodes, melted using heat generated by electrical resistance, and then welded. The weld produced at this time is called the nugget. Pressure is applied along with the electric current for good joint adhesion. Resistance seam welding is often used in automated welding because high-quality welds can be obtained quickly without requiring consumable electrodes, protective gas, or solvents. The actual welding process and schematic diagram of Invar membrane sheet joint are shown in Figure 2.



In this study, three Invar alloy sheets of thickness 0.7/0.5/0.7 mm were welded to form a lap joint. Two cylindrical electrodes were used of diameter 62 mm. The resistance seam welding parameters were a constant 5-bar electrode force, welding current of 3500A/3900A/4300A, a 15 ms electric current application time, and a 5 ms pause between alternating pulses [21]. Figure 3 shows schematic diagram of the resistance seam welding cycle.




3.3. Tensile Test and Instrumented Tensile Test


Tensile and instrumented indentation tests for Invar alloy samples were carried out. For tensile tests, rectangular tensile samples with a gauge length of 57 mm, thickness of 1.5 mm, and width of 40 mm were prepared according to ASTM E8/E8M [22]. Five repeatable tensile tests at RT and three repeatable tensile tests at CT were performed for the Invar base at a crosshead speed of 2 mm/min in displacement control mode with an Instron 5582 (Instron Inc., Norwood, MA, USA).



For IITs, the RSWed Invar alloy was cut and mounted and then mechanically polished using SiC paper up to grit number #2200 according to ISO14577-1 [23]. In total, nine mounting samples for three test temperatures (RT, −100 °C, −163 °C) and three weld currents (3500A, 3900A, 4300A) were prepared. Then, three repeatable instrumented indentation tests were performed for each region (BM, HAZ, WN) in one sample, using an AIS3000 (Frontics Inc., Korea), which has 0.1 µm displacement resolution and 0.002 kgf load resolution. The indenter is a 250 µm radius spherical type made of tungsten carbide. The indentation speed was 0.3 mm/min, and 15 multiple unloadings (up to 50% of maximum load) were performed in 150 µm depth control mode. As shown in Figure 4a, The low-temperature environment chamber was used for the low-temperature indentation test, and the target temperature was secured through cooling by liquid nitrogen and heating using a heating chuck beneath the stage in a vacuum atmosphere. At this time, thermal grease was applied to the mounted sample floor to increase heat conduction. The indentation load and depth curves of RSWed Invar alloy at different welding currents and temperatures are shown in Figure 5.




3.4. Examination of Microstructure


The Invar surface was observed by an optical microscope to examine the BM and WN microstructure. After cutting and mounting the Invar alloy as in Figure 4c, a mirror surface was obtained by mechanical polishing; etching was performed for 30 s using an etchant, and microstructures were observed by an optical microscope.





4. Results and Discussion


4.1. Tensile Properties


4.1.1. Base Material (BM)


Figure 6 compares the stress–strain curve for the BM from tensile testing with that obtained by IIT; Table 2 shows the tensile properties of the BM obtained from tensile testing and IIT. It is seen that the yield and tensile strengths obtained from IIT are within 10% of the results from tensile testing both at RT and −163 °C (CT). That the results of the two tests on the BM were well matched confirms the appropriateness of using IIT on the WN where tensile testing is not possible.




4.1.2. HAZ and WN


Since the results of IIT on the BM were well verified, IIT was applied to the Invar welds where tensile testing was not possible. IIT was conducted on the HAZ, which is 2 mm away from the WN center.



Looking at the distribution of strength by zones as in Figure 7 and Figure 8, we can see that both YS and UTS are high and are ordered HAZ < WN < BM at all three temperatures. There are two reasons why the WN has lower strength than the BM. First, while the BM was cold-worked by rolling during sheet making, there was little work hardening by cold working in the WN because it is a casting microstructure made by melting and solidification. Second, RSW does not supplement weldments during welding, so the high welding temperatures can vaporize heavy metal elements or carbon that affect the strength in the weld pool and decrease the strength of the WN [24].



The HAZ’s strength is below that of the WN because, by the nature of the RSWed sample, the rest of the area is only physically in contact, except in the WN formed by direct melting of the BM. When indentation was performed on the WN, the plastic zone formed is completely constrained by the WN. However, in the HAZ indentation (Figure 9), the unfilled gaps around the HAZ zone, unlike in the weld, make the plastic zone incompletely constrained and result in a smaller resistance, leading to lower strength than when the indentation was made into the WN.



As for the change in strength due to the weld current, the strength of WNs increases as the current increases at all three temperatures. This is because, as mentioned earlier, the increase in welding current increases the heat input, creating a larger WN that more effectively constrains the plastic zone produced by the indentation. For HAZ, the strength also increases as the weld current increases overall, although not as distinctly as the WN, and the BM shows only the deviation of the IIT test itself, since it is not heated by the welding current.





4.2. Examination of Microstructure


First of all, the distribution of microstructures over the zones shows that the average grain size is large (ordered BM < HAZ < WN (Figure 10)) because joule heating during welding depends on the distance from the WN. Grain growth was greatest in the WN, which received the heat input most directly; the less heated HAZ shows less growth, and the BM, heated least of all due to distance, maintains its original grain size. In addition, the HAZ and WN in Figure 10 show that the typical fan-like columnar structure develops radially [25], regardless of welding current. This can be attributed to the radial spread of the heat flux in the Invar melted during welding. In other words, the direction of grain growth matches the temperature gradient [26], and equiaxed grains develop near the BM where the heat flux is almost nonexistent. At this time, the BM is made up of fine austenite grains [27] with an average crystal size of about 6    μ m   , independent of welding current.



The microstructural changes with welding current in the same area can also be seen in Figure 10. As the current increases, the size of the WN increases and its grain size increases as well. Generally, since grain size and strength are known to be in inverse proportion (Hall–Petch equation) [28], the strength would also be expected to decrease as the welding current increases, but Figure 7 and Figure 8 show that the actual strength increases with the welding current. This unexpected result is due to the change in the constraint effect in the WN, as described above. The WN formed in the 3500 A view is small and does not fully constrain the plastic zone produced by indentation, but the increases in weld current produce a larger WN and a greater constraint effect [29].





5. Conclusions


In this study, the tensile properties from RT to CT of RSWed Invar alloy were measured by instrumented indentation testing and microstructure observations were performed. The results are as follows:




	
IIT was performed on the BM at RT and −163 °C to verify the validity of the tensile property evaluation. Comparison of the stress–strain curve from tensile testing with the IIT results confirms that the IIT yield and tensile strength were within 10% of the results from the tensile test at RT and −163 °C.



	
The distribution of strength over the zones was high for both YS and UTS at the three temperatures and is ordered HAZ < WN < BM. At this time, there are two main reasons why the WN has lower strength than the BM. First, because the WN is a casting microstructure made by melting and solidification, it undergoes little work hardening by cold working compared to the BM. Second, because RSW does not supplement weldments, vaporization of heavy metals or carbon affecting the strength in the weld pool during welding can reduce the strength of the WN.



	
The effect of the weld current on strength was examined. In the WN and HAZ, as the current increases at all three test temperatures, the larger nuggets created more effectively constrain the plastic zone produced by indentation, resulting in increased strength. Since the BM is not heated by the welding current, it represents only the deviation of the IIT test itself, regardless of welding current.



	
Microstructure observation shows that the Invar alloy consists of single-phase austenite, and the degree of heat received during welding depends on the distance from the WN, so the average grain size is ordered BM < HAZ< WN. Regardless of welding current, fan-like columnar grains developed in the direction of the temperature gradient of molten Invar during solidification, and equiaxed grains were observed near the BM, where the heat flux barely reached.



	
This microstructure change occurred according to the welding current. As the current increases, the size of the WN increases and the grain size in the WN increases as well. Unlike the usual relationship between grain size and strength (Hall–Petch), here grain size and strength are proportional, since the constraint on the plastic zone of the WN increases with the welding current.
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Figure 1. Configuration of GTT NO 96 membrane containment system. 
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Figure 2. Resistance seam welding (RSW) of Invar membrane sheet at the tongue: (a) actual RSW in liquefied natural gas (LNG) cargo containment system construction; (b) schematic diagram of Invar membrane sheet joint. 
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Figure 3. The resistance seam welding cycle. 
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Figure 4. Low-temperature indentation system equipped with environment chamber: (a) photograph of the system; (b) the stage in the chamber; (c) sample mounted for low-temperature indentation test. 
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Figure 5. Indentation load and depth curves of RSWed Invar alloy at different welding currents and temperatures. 
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Figure 6. Stress–strain curves evaluated by tensile testing and instrumented indentation testing for the base material (BM) at room temperature (RT) and cryogenic temperature (CT). 
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Figure 7. Yield strength distribution along the different weld zones of RSWed Invar alloy: (a) RT; (b) −100 °C; (c) CT. 
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Figure 8. Tensile strength distribution along the different weld zones of RSWed Invar alloy: (a) RT; (b) −100 °C; (c) CT. 
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Figure 9. Macro-examination of RSWed Invar alloy at different welding currents: (a) 3500A; (b) 3900A; (c) 4300A. 
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Figure 10. Microstructures of RSWed Invar alloy at different welding currents over the different zones. 
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Table 1. Chemical composition of Invar alloy (wt%).






Table 1. Chemical composition of Invar alloy (wt%).





	C
	Mn
	Si
	S
	P
	Ni
	Fe





	0.03
	0.3
	0.2
	<0.0005
	<0.003
	36.0
	Bal.
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Table 2. Comparison of tensile properties results for BM.






Table 2. Comparison of tensile properties results for BM.





	

	
Yield Strength [MPa]

	
Ultimate Tensile Strength [MPa]




	

	
Tensile

	
IIT

	
Error %

	
Tensile

	
IIT

	
Error %






	
RT

	
333.5

	
369.2

	
10.7

	
627.7

	
616.6

	
1.8




	
CT

	
626.2

	
560.7

	
10.5

	
1190.7

	
1137.8

	
4.5
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