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Abstract

:

The degradation of mechanical properties of materials is essentially related to microstructural changes under service loadings, while the inhomogeneous degradation behaviors along welded joints are not well understood. In the present work, microstructural evolution under low-cycle fatigue in base metal (BM) and weld metal (WM) of NiCrMoV steel welded joints were investigated by miniature tensile tests and microstructural observations. Results showed that both the yield strength and ultimate tensile strength of the BM and WM decreased after low-cycle fatigue tests, which were attributed to the reduction of dislocation density and formation of low-energy structures. However, the microstructural evolution mechanisms in BM and WM under the same cyclic loadings were different, i.e., the decrease of dislocation density in BM was attributed to the dislocation pile-ups along the grain boundaries, dislocation tangles around the carbides at the lower strain amplitudes (±0.3% or ±0.5%). Additionally, when the strain amplitude was ±8%, the dislocation density was further decreased by the formation of subgrains in BM. For WM, the dislocation density decreased with the increase of strain amplitude, which was mainly caused by the dislocation pile-ups along the grain boundaries and the formation of subgrains.
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1. Introduction


With the increasing requirements of high efficiency, high reliability and accurate application, the structure design based on the physical properties of the as-received materials become inopportune since the mechanical properties and microstructures of materials would be changed by the combined influence of environment and loadings in service, especially for the engineering materials used in the field of high temperature, large loadings or harsh environments [1,2,3,4,5].



Focused on the microstructural evolutions of martensitic or bainitic steels, some previous papers have revealed that the microstructures obviously changed with the cyclic softening (CS) in the martensitic or bainitic steels during low-cycle fatigue (LCF) tests [6,7,8,9,10,11]. The decreasing rate of CS of martensitic steels at the initial stage in LCF tests was much higher than in the latter stage [12,13,14,15,16]. Kim et al. [17] found that CS was caused by the decrease of dislocation density due to the formation of dislocation cells, the increasing width of martensitic laths and the variation of the slip system. Mishnev et al. [18] reported that the higher rate of CS in the initial stage was attributed to dislocation arrangement with the interaction between as-received dislocations and newly generated dislocations in martensitic laths, but the CS in the latter stage decreased relatively slowly due to the lath boundaries pinned by the carbide precipitates. In addition, Roldán et al. [19] studied the effect of LCF damage on the microstructural modifications of martensitic steels with the strain amplitude from 0.4%–1.8% and discovered that the changes of dislocations and subgrain structures were more intense with the increase of the strain amplitude.



As described above, both the CS in martensites and bainites were closely correlated with the decrease of dislocation density, the formation of low-energy structures and the interaction between dislocations and carbide precipitates during the LCF deformation process [10,11,20]. However, the differences of microstructural evolution mechanisms in martensitic and bainitic laths under the same cyclic loadings have not been well understood. To investigate the difference in microstructural changes in martensites and bainites, miniature tensile tests and microstructural observations by transmission electron microscopy (TEM) were carried out before and after LCF tests with different strain amplitudes at room temperature.




2. Materials and Methods


The studied materials in the present work were NiCrMoV steel welded joints, which were welded together by narrow gap submerged arc welding technique. The chemical elements of base metals (BM) and weld metals (WM) were listed in Table 1. The microstructures in the different zones were investigated by optical microscopy (OM, SEISS Axio Observer A1m, Braunschweig, German) and scanning electron microscopy (SEM, ZEISS EVO MA15, Braunschweig, German). As shown in Figure 1a,b, BM mainly consisted of large blocky tempered lathy martensites and a small amount of granular tempered bainites. A large number of needle-like bainites with some δ-ferrites distributed parallelly on the matrix in WM (Figure 1c,d).



To investigate the microstructural evolutions induced by LCF damage, the strain-controlled LCF tests were carried out by the fatigue device (INSTRON) under the triangular strain wave with the strain ratio of −1 and the strain amplitude of ±0.3%, ±0.5% and ±0.8%, respectively, at a constant strain rate of 0.008 s−1. The fatigue tests were stopped at the point (regarded the fatigue life, Nf) when the maximum cyclic stress was reduced to half of the maximum initial tensile stress. The detailed sizes of LCF specimens were shown in Figure 2a. After LCF tests, microstructural observations by transmission electron microscopy (TEM, JEM-2100, JEOL, Japan) and miniature tensile tests were performed with the specimens cut from BM and WM in the LCF damaged welded joints. The tensile tests were carried out by the in-situ tensile machine ( Tansi, Deben, UK) with the specimens cut from BM and WM, respectively (Figure 2b), and the tensile rate was 0.01 mm/s. In addition, the hardness measurements were performed by the microhardness tester (WHVS-1000, Hongce Yiqi, Shanghai, China) in BM and WM by the maximum load of 1.96 N with a holding time of 15 s.




3. Results and Discussion


3.1. The Low-Cycle Fatigue Tests


The relation between strain amplitude and fatigue life was displayed in Figure 3b, which showed that the fatigue life decreased with the increase of strain amplitude. The normalized fatigue life (n) was defined as the ratio of the number of current cycles (N) and the number of cycles to failure (Nf). As shown in Figure 3b, the cyclic peak stress decreased with the increase of the standard fatigue life for each strain amplitude, which indicated that CS took place in the specimens during the LCF tests. At the initiation stage of the LCF test (n ≤ 0.1), the cyclic peak stress decreased quickly with a relatively higher rate. Then, the slope of cyclic peak stress slowed down obviously with the increase of standard fatigue life (n ≥ 0.1).




3.2. Tensile Tests


The tensile curves of the LCF damaged BM and WM were shown in Figure 4a,b, respectively. Additionally, the yield strength (YS) and ultimate tensile strength (UTS) acquired from the tensile curves were listed in Table 2. It was clear to see that both the YS and UTS decreased after the LCF tests, and the reduction of YS and UTS decreased with the increase of strain amplitude, which also suggested that the tensile strengths of BM and WM were reduced by LCF damage.




3.3. Hardness Measurements


To study the effect of LCF damage on hardness, the hardness measurement was carried out before and after LCF tests. Figure 5 showed the average hardness value of the as-received and LCF damaged BM and WM with different strain amplitudes. Compared to the as-received samples, both the average hardness values of the LCF-damaged BM and WM were reduced distinctly, which indicated that both the reductions of BM’s and WM’s hardness were induced by LCF damage. Additionally, the reduction of hardness increased with the increase of applied strain amplitude.




3.4. Microstructural Observation by TEM


Figure 6 showed the typical TEM microstructures in the as-received and LCF damaged BM. As displayed in Figure 6a,b, the lathy martensites in a block with some carbide precipitates distributed parallelly in the as-received BM, and a large amount of dislocations tangling each other located in a part of martensitic laths. Compared to the as-received specimens, the dislocation density decreased distinctly in the martensitic lath after the LCF tests with the strain amplitudes of ±0.3% and ±0.5% (Figure 6c,d). Meanwhile, dislocation pile-ups were formed around the carbide precipitates in the lathes or along the boundary of lathes (Figure 6c,d), especially the dislocations stacked obviously around the carbides, which were attributed to that carbide precipitates retarded the dislocation movements during cyclic loading processes. In addition, few spindly martensitic laths were incorporated together due to the annihilation of the low-angle boundary. This led to an increase in the width of some martensitic laths. When the strain amplitude grew to ±0.8%, subgrains were formed in the wider martensitic laths with the further reduction of dislocation density. Additionally, in this condition, the dislocation density along the boundaries of subgrains was higher than that of the martensitic laths in the as-received specimens, which indicated that the dislocation in the laths might move into the subgrains under the interaction of cyclic deformation.



Figure 7 showed the typical TEM microstructures in the as-received and LCF damaged WM. As displayed in Figure 7a,b, the needle-like bainites without carbides located in the as-received WM and the dislocations of high density tangled each other in the localized zones of the bainites. After the LCF tests with the strain amplitude of ±0.3%, the dislocations in the LCF damaged WM decreased obviously and some dislocations were piled up along the boundaries of bainites, which were similar to the LCF damaged BM. Few subgrains appeared in the wider bainites under the strain amplitude of ±0.3%, but no subgrains were observed in the LCF damaged BM. With the strain amplitude increasing from ±0.3% to ±0.8%, except for the distinct reduction of dislocation density, more and more subgrains were formed in the bainites, and even more, some subgrains also distributed in the narrower needle-like bainites (Figure 7). This means that the microstructural evolutions of martensites and bainites were different under the same applied cyclic loadings.




3.5. The Difference of Cyclic Softening Mechanisms in BM and WM


The CS phenomenon took place in the welded joints of the NiCrMoV steels during the LCF tests under different strain amplitudes, which was reflected obviously by the evolution of cyclic peak tensile stress (Figure 3b). Furthermore, the results of tensile tests revealed that both the YS and UTS of BM and WM decreased due to the low-cycle fatigue damage (Figure 4). The typical TEM microstructural observation of the low-cycle fatigue damaged specimens with various strain amplitudes displayed that the microstructural evolutions in BM and WM were different due to the diversity of microstructural distribution (Figure 6 and Figure 7). As described in the previous studies [21,22,23,24], CS of the lathy martensites was attributed to the reduction of dislocation density induced by the LCF damage, which was also observed in the present work. With the increase of strain amplitude, the dislocation density in the lathy martensites or needle-like bainites both decreased distinctly (Figure 6 and Figure 7).



The microstructural evolution mechanisms for martensites and bainites with different strain amplitudes were shown in Figure 8. Under the action of stable cyclic loading, the dislocations moved back and forth as if a shuttle along the slip plane between the two dislocation walls (Figure 8b,e). When the tensile stress was the maximum, the mobile dislocations piled up against one dislocation wall while the opposite dislocation wall when the compressive stress was the maximum. The dislocation density remained relatively constant when the cyclic peak stress was stable since the generation and annihilation of free dislocation was balanced during this process. However, under the influence of cyclic plastic loading, the dislocations moved out of the slip plane and piled up at the grain boundaries with the annihilation of dislocations (Figure 8b,e), which led to the decrease of mobile dislocation.



Moreover, these were observed in the LCF damaged BM and WM under the strain amplitudes of ±0.3% or ±0.5% (Figure 6c,d and Figure 7c,d). When the strain amplitudes were relatively lower, there were two kinds of dislocation pile-ups distributing in the lathy martensites: one was piling up against the boundaries of the martensitic laths, another was tangling around the carbide precipitates. The pile-ups along the boundaries were formed due to the dislocation congestion at the end of the slip plane. In addition, the formation of pile-ups around the carbides was attributed to the mobile dislocations hindered by the carbides during the cyclic movement and tangled around the carbides. However, there was only one kind of dislocation pile-up distributing in the needle-like bainites—the dislocation pile-ups along the boundaries of bainites. In addition, under the strain amplitude of ±0.3%, few subgrains were formed in the wider needle-like bainites after LCF tests, but no subgrains were observed in the lathy martensites. This indicated that compared to lathy martensites, needle-like bainites have been preferentially decomposed into subgrains under the same cyclic loading, which implied that the capability of resisting deformation of needle-like bainites was lower than that of lathy martensites. This was caused by that the strain hardening capacity of bainitic microstructures was weaker than that of the lathy martensites [25,26,27]. Meanwhile, the slightly increasing width of some lathy martensites was induced by the annihilation of low-angle boundaries, but no increase of the width of needle-like bainites [28]. Some mobile dislocation moved into the subgrains, which led to that the dislocation density in some subgrains was higher than that in the as-received bainites.



When the strain amplitude was ±0.8%, the dislocation density further decreased in the lathy martensites and needle-like bainites. Few subgrains were formed in the wider martensitic laths (Figure 6e and Figure 8c), which was similar to the needle-like bainites. However, for bainites, the number of grains increased distinctly with the strain amplitude from ±0.3% to ±0.8%, and even the narrower bainitic laths have been decomposed into subgrains when the strain amplitude was ±0.8% (Figure 7e and Figure 8f).



According to the Bailey–Hirsh relation [29,30], the YS of metallic materials was linear to the square root of dislocation density, i.e., YS increased with the growth of dislocation density. In the present work, it was as described above that the reduction mechanisms of dislocation density in BM and WM were different, but the YSs of both the BM and the WM decreased obviously due to the LCF damage (Figure 4). Meanwhile, the UTSs of both BM and WM were also reduced distinctly after LCF tests (Figure 4), which indicated that the decrease of both the YS and UTS were in correlation with the reduction of dislocation density induced by the LCF damage. In addition, the evolution of peak cyclic stress indicated that the reduction of dislocation density decreased much quicker at the initiation of LCF tests (n ≤ 0.1) than that of the stable period (0.1 ≤ n ≤ 0.8). This was also reported systematically by Giordana et al. [21], who studied the microstructural evolution of martensitic steel induced by LCF damage with the strain amplitude of ±0.2% at room temperature. They revealed that the free dislocation density was dropped from 2.4 × 1014/m2 to 1 × 1014/m2 at the cyclic cycles of 500 cycles and to 0.5 × 1014/m2 at 11,000 cycles. In addition, Guguloth et al. [31] also found that the average dislocation density of the damaged specimens reduced to less than 1/3 of the as-received specimen after LCF test with the strain amplitude of ±1% at room temperature. It was well demonstrated by these quantitative results that cyclic softening took place in martensitic steels with the reduction of the dislocation density when the cyclic cycles increased in the LCF tests, which led to the decrease of YS and UTS in BM. Although the microstructural evolution mechanisms in BM and WM were different, subgrains were formed in WM with the decrease of dislocation density, which also made the YS and UTS reduced by the LCF damage.





4. Conclusions


As a summary, the differences of the microstructural evolution mechanisms of the lathy martensites in BM and the needle-like bainites in WM induced by LCF damage have been investigated through LCF tests, tensile tests and microstructural observations. Results showed that cyclic softening took place in BM and WM under different strain amplitudes. Both the YS and UTS of BM and WM decreased with the increase of strain amplitude after LCF tests, and the LCF damages in them were reflected by different microstructural evolutions. The decrease of dislocation density in BM was attributed to the dislocation pile-ups along the grain boundaries, dislocation tangles around the carbides at the lower strain amplitudes (±0.3% or ±0.5%) and the annihilation of low-angle grain boundaries. When the strain amplitude was ±8%, the dislocation density was further decreased by the formation of subgrains in BM. For WM, the dislocation density decreased with the increase of strain amplitude, which was mainly caused by the dislocation pile-ups along the grain boundaries and the formation of subgrains.
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Figure 1. The typical microstructures in different zones of welded joints observed by optical microscopy (OM) and scanning electron microscopy (SEM): base metal (a,b) and weld metal (c,d). 
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Figure 2. The detailed sizes of the specimens used in the low-cycle fatigue tests (a) and the detailed sizes of the miniature specimens used in the tensile tests (b). 
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Figure 3. The relationship of strain amplitude with fatigue life (a) and peak tensile stress with normalized fatigue life (b). 
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Figure 4. Tensile curves of as-received and low-cycle fatigue damaged specimens: BM (a) and WM (b). 
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Figure 5. The average hardness of the as-received and low-cycle fatigue damaged BM and WM with different strain amplitudes. 
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Figure 6. The typical TEM microstructures of the as-received and the LCF damaged BM specimens with different strain amplitudes: the as-received specimens (a), (b) was the local enlargement of (a), the LCF damaged specimens with the strain amplitude of ±0.3% (c), ±0.5% (d), ±0.8% (e), (f) was the local enlargement of (e). 
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Figure 7. The typical TEM microstructures of the as-received and the LCF damaged WM specimens with different strain amplitudes: the as-received specimens (a), (b) was the local enlargement in (a), the LCF damaged specimens with the strain amplitude of ±0.3% (c), ±0.5% (d), ±0.8% (e), (f) was the local enlargement in (e). 
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Figure 8. The schematic diagrams of the microstructural evolution mechanisms for martensites and bainites induced by LCF damage up to fracture: the as-received specimens (a), the LCF damaged specimens with the strain amplitudes of ±0.3% or ±0.5% (b) and ±0.8% (c) in BM; the as-received specimens (d), the damaged specimens with the strain amplitudes of ±0.3% or ±0.5% (e) and ±0.8% (f) in WM. 
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Table 1. The chemical compositions of base metals and weld metals (in wt.%).
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	Zone
	C
	Si
	Mn
	P
	S
	Cr
	Ni
	Mo
	V
	Cu
	Fe





	BM
	0.22
	0.10
	0.21
	0.01
	0.01
	2.3
	2.2
	0.7
	0.1
	0.05
	Bal.



	WM
	0.12
	0.2
	1.48
	0.005
	0.005
	0.57
	2.18
	0.51
	-
	-
	Bal.
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Table 2. The yield strength (YS) and ultimate tensile strength (UTS) of BM and WM acquired from the tensile curves (MPa).






Table 2. The yield strength (YS) and ultimate tensile strength (UTS) of BM and WM acquired from the tensile curves (MPa).





	Strengths of Zones
	as-Received
	±0.3%
	±0.5%
	±0.8%





	YS of BM
	738.8 ± 12.2
	680.9 ± 11.6
	622.5 ± 15.3
	596.6 ± 12.1



	YS of WM
	739.3 ± 14.4
	721.6 ± 13.2
	679.4 ± 14.3
	601.2 ± 12.6



	UTS of BM
	837.5 ± 12.6
	806.8 ± 14.4
	760.8 ± 13.5
	740.8 ± 14.6



	UTS of WM
	803.9 ± 10.5
	785.5 ± 11.3
	748.5 ± 12.1
	707.8 ± 10.6
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