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Abstract

:

After thermal deformation and heat treatment, it can be observed that there are small, newly formed grains in the crack healing zone, which indicates that the internal crack is fully healed. However, in our previous study, the impact properties of the internal healing zone could only be partially healed. In this study, the process of homogenizing treatment was adopted to achieve grain size homogeneity. The effects of homogenizing treatment and quenching and tempering treatment on crack healing were also systematically analyzed. With the same heat treatment method, SA508-3 samples, which were subjected to multi-pass deformation, had a higher percentage recovery than those that underwent uniaxial compression. The percentage recovery of the crack healing zone was significantly improved after the process of homogenizing treatment. The impact property of the crack healing zone could be fully restored after homogenizing treatment followed by quenching and tempering treatment. However, after several episodes of heating, the grain-boundary strength decreased, and the impact value was relatively low.
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1. Introduction


In the manufacturing process, it can be observed that internal defects appear inside large forgings such as porosities and internal cracks. In previous work, several methods were used for crack healing, including the isothermal heat treatment method [1,2,3], thermal deformation [4,5,6,7], and the electropulsing technique [8,9]. In the production of large forgings, the thermal deformation method followed by annealing is often used in internal crack healing. Han et al. [1,2] and Xin et al. [3] showed that after isothermal heat treatment at 1100 °C or a higher temperature, crack healing in steel could be achieved. Yu et al. [4] investigated the effects of different process parameters on crack healing and found out when the healing temperature, holding time, and reduction ratio increased, the recovery degree of the internal crack increased. Meng et al. [5] discovered that fine grains were formed in the process of crack healing. These grains firstly formed on the surface of the internal crack, and their morphology was different from that of the matrix. Xin et al. [6] and Qiu et al. [7] found that after annealing from the healing temperature, the tensile property could be fully restored, but the impact properties could only be partially restored, and this was related to the inhomogeneity of grain sizes.



Many researchers found that when internal defects were healed by a thermomechanical process, the resistance of steel against crack propagation also increased. Monhtadi et al. [10,11] investigated the effect of cold rolling followed by annealing on the inhibition of hydrogen induced crack (HIC) initiation and propagation. The main reasons for increasing resistance included the formation of a desirable crystallographic texture and microstructure, low Kernel Average misorientation data, and coincident site lattice boundaries.



Previous studies mainly focused on the effects of process parameters, such as temperature, deformation rate, and cooling rate, on crack healing. The method of heat treatment used in the research was usually annealing. There has been little research on the effect of heat treatment methods on crack healing, especially homogenizing treatment and quenching and tempering treatment (Q & T).



The purpose of the present work was to study the effects of heat treatment methods on internal crack healing. The microstructure evolution and impact property of SA 508-3 samples with internal cracks were studied. Different heat treatments were compared with respect to their grain morphology and carbide distribution in the crack healing zone. Standard Charpy impact tests were carried out at room temperature to estimate the recovery degree of the impact property after different heat treatments.




2. Methods


SA 508-3 steel is a kind of low alloy steel, which is often used for the production of nuclear pressure vessels. The chemical composition of SA 508-3 steel is Fe-0.19C-0.22Si-1.4Mn-0.006P-0.006S-0.12Cr-0.53Mo-0.65Ni (wt%). Ingots of SA 508-3 steel (Ф120 mm × 60 mm) were machined to prepare samples with preset internal cracks. The surface roughness of the cylinder was polished to 1.6 μm, and two cylinders were welded along the edges of contact surfaces. Thus, samples with internal cracks were prepared. An illustration of SA 508-3 sample preparation is shown in Figure 1.



In this study, the crack healing methods used were thermal deformation and heat treatment. The corresponding healing methods of samples are shown in Table 1.



The process of thermal deformation was conducted in an 8 MN forging machine. In the production of large forgings, the deformation process usually consists of several rounds of upsetting and stretching. In order to be more in accordance with actual production, the deformation processes used were uniaxial compression and multi-pass deformation.



Samples were heated to 1150 °C before thermal deformation. In uniaxial compression, the deformation rate was 20%, and the direction of compression was along the axis. The processing steps of multi-pass deformation were two rounds of upsetting and one round of stretching. The deformation rate of the first and second upsetting processes was 20%. In the process of stretching, the pressing order was 0° → 180° → 90° → 270° and the deformation rate of a single side was 20%. The process of multi-pass deformation is illustrated in Figure 2.



Nuclear pressure vessels have a vital role in the safe operation of nuclear power plants. Thus, this kind of large forging requires a high initial performance. To obtain good initial mechanical properties, quenching and tempering treatment is required in the production of SA508-3 steel [12].



The effects of homogenization heat treatment and tempering heat treatment on crack healing were studied. The parameters were set according to the actual production process. In the process of homogenization heat treatment, the samples were homogenized at 910 °C for 5 h before cooling in the air. In the quenching and tempering treatment, the samples were homogenized at 890 °C for 5 h followed by water quenching. Subsequently, the specimens were aged at 640 °C for 2 h and cooled in the air. Hereinafter, the samples healing by different methods are named as UC, UC-HT, UC-QT, UC-HT-QT, MD, MD-HT, MD-QT, MD-HT-QT, according to their healing methods. UC is short for uniaxial compression, MD is short for multi-pass deformation, HT is short for homogenization treatment, and QT is short for quenching and tempering treatment.



To quantitatively describe the recovery degree of impact properties, the absorbed energy of the samples was measured at room temperature using Charpy impact tests on a 300 J pendulum impact test machine. Standard Charpy impact specimens with a U notch were machined both in the crack healing zone and in the matrix. In the specimens of the crack healing zone, the crack surface was set in the middle of the U notch, as shown in Figure 1c. The percentage recovery of the crack healing zone was obtained as the ratio of absorbed energy in the crack healing zone and the absorbed energy in the matrix.



To observe the morphology, the surfaces of samples were polished and etched by saturated picric acid. The microstructures of samples were observed with an optical microscope (OLYMPUS-CX41, Olympus, Tokyo, Japan) and a scanning electron microscope electron microscope (JSM-7100F, JEOL, Tokyo, Japan).




3. Results


3.1. Microstructure Evolution of the Crack Healing Zone


The morphology evolution could be observed using an optical microscope, as shown in Figure 3.



When the samples were cooling to room temperature in the air, newly formed grains appeared in the crack healing zones. The grain sizes in the crack healing zone were smaller than those in the matrix in samples UC and MD, as shown in Figure 3a,b. In our previous study [6], these small grains that appeared in the crack healing zones indicated that internal cracks were completely healed.



After homogenizing treatment, with the fast cooling rate, the microstructure evolved into lath bainite [12]. In sample UC-HT, the sizes of the laths inside the same grain were roughly the same, and they were arranged in parallel. In sample MD-HT, the spacing between laths was wider, and the number of laths was fewer. It could be observed that grain homogenization was achieved in both the crack healing zone and the matrix in samples UC-HT and MD-HT, as shown in Figure 3c,d.



After quenching and tempering treatment without homogenizing treatment, the microstructure changed to tempered bainite, as shown in Figure 3e,f. However, when observed by an optical microscope, due to the low resolution, the morphologies of grains in the crack healing zone and the matrix were difficult to distinguish in samples UC-QT and MD-QT. Further observation was needed at a higher magnification.



When the samples underwent homogenizing heat treatment followed by quenching and tempering heat treatment, the grain size was significantly refined, and the grain sizes in the crack healing zones and the matrix were basically the same, as shown in Figure 3g,h. There was no significant difference in microstructure between the samples that underwent uniaxial compression and those that underwent multi-pass deformation.




3.2. Impact Property of Crack Healing Zone


The impact properties of samples healing with different healing methods are listed in Table 2. In order to quantitatively measure the degree of impact recovery, a Charpy impact specimen was also cut in the matrix. The percentage recovery of the impact property was measured as the ratio of absorbed energy in the crack healing zone to the energy absorbed in the matrix. The percentage recoveries after different heat treatments are shown in Figure 4.



After the homogenizing treatment, the values of absorbed energy in the crack healing zone and the matrix increased. The percentage recovery of the impact property in the crack healing zone also significantly improved, when comparing samples UC and UC-HT.



After quenching and tempering heat treatment, the absorbed impact energy of the matrix and the crack healing zone significantly increased, but the recovery decreased percentage when comparing sample UC and UC-QT, MD and MD-QT.



When the samples underwent homogenizing heat treatment followed by quenching and tempering heat treatment, the impact properties acted as an intermediate state between only homogenizing heat treatment and only quenching and tempering heat treatment. When compared with UC-HT, the value of absorbed energy in the sample both in the crack healing zone and in the matrix of UC-HT-QT increased effectively. When compared with UC-QT, the recovery percentage of the impact property in UC-HT-QT significantly improved, but the absorbed impact energy reduced after several rounds of heating.



With the same heat treatment process, the samples healing by multi-pass deformation exhibited a higher impact property than the samples healing by uniaxial compression. Sample MD-HT-QT was able to achieve impact performance restoration.



A fractograph of different samples is presented in Figure 5.



When the samples were cooling in the air after thermal deformation, the impact fracture of the samples presented a river-like pattern in samples UC and MD, as shown in Figure 5a,b.



After the homogenizing treatment, a river shape pattern could still be seen in the fractograph, but the grain size was smaller in samples UC-HT and MD-HT, as shown in Figure 5c,d.



After quenching and tempering treatment, the fracture in sample UC-QT showed a complex morphology characterized by dimples and a cleavage fracture with a river pattern, as shown in Figure 5e. In sample MD-QT, the fracture morphology was mainly ductile micro dimples. The sizes of dimples were more even, and the average diameter was smaller than that of sample UC-QT.



After homogenizing heat treatment followed by quenching and tempering treatment, the impact fractograph mainly showed a river pattern, with small dimples along the grain boundary, as shown in Figure 5g,h.





4. Discussion


4.1. The Effect of Carbide Morphology on the Impact Property


From Figure 4, it is worth noting that after homogenizing treatment, the recovery percentage of the impact property significantly improved when comparing sample UC and sample UC-HT or sample UC-QT and UC-HT-QT.



The morphology of sample MD observed by scanning electron microscopy is shown in Figure 6. When the sample was cooling to room temperature in the air, the microstructure was granular bainite. In the crack healing zone, some voids could be observed, as shown in Figure 6a. The existence of voids could significantly reduce the impact property of the crack healing zone, resulting in incomplete recovery of impact property in sample MD.



The morphology of sample MD-QT is shown in Figure 7. When the sample underwent quenching and tempering heat treatment, the microstructure was tempered bainite. It could be observed that both the grain sizes and carbide morphology in the crack healing zone were obviously different from those in the matrix. The carbides in the crack healing zone were mainly distributed along the grain boundary, and some small carbide precipitates inside the grain were elliptically shaped. In the matrix, the carbides were mainly observed inside the grain, presenting the characteristics of a lath-shaped morphology.



The reason for the grain size difference in sample MD-QT is related to the microstructure heredity. The SA 508 steel used in this study is a kind of low-carbon steel which has nonequilibrium bainite at room temperature. When heating to the critical temperature, thin lamellar austenite, which has a K-S orientation relationship with the parent phase would be formed at the lath boundaries. When the temperature continued to rise, lamellar austenite with the same position direction was easier to merge and grow; thus, large austenite grains formed, and microstructure heredity appeared [13]. In sample MD, there was a great difference in grain size between the crack healing zone and the matrix. The heating temperature in the quenching and processing treatment was 890 °C, and it was hard to get rid of microstructure heredity according to practical production experience. Thus, after the process of quenching and tempering, the grains in the matrix were coarser than those in the crack healing zone, and a grain size difference existed.



The difference in carbide morphology was affected by grain size. The tempering process of steel could be considered as the process of solid phase transformation controlled by the diffusion of C [14]. Johnson and Mehl [15], and Avrami [16,17,18] first proposed a relation to describe transformation controlled by diffusion. Watté et al. proposed a tempering kinetic law in the form of a J-M-A type equation, as follows [19]:


  τ = 1 − exp  (  − D  T n   )  .  



(1)







  τ   is the tempering ratio, T is the tempering time, n is the Avrami exponent depending on the material, and D depends on the tempering temperature. The Arrhenius equation is as follows:


  D =  D 0  exp  (  −  Q  R T    )  .  



(2)







   D 0    is the pre-exponential constant, Q is the activation energy of the tempering transformation, R is the perfect gas constant, and T is the tempering isothermal temperature.



In the same sample, the Avrami exponent n and tempering temperature T were the same in the crack healing zone and the matrix. The activation energy of the tempering transformation in bainitic steel was related to the grain size. The bigger the grain size was, the smaller the activation energy Q was [20]. The grain size of the matrix was bigger, the value of activation energy Q was smaller, and as shown by Equation (1) and Equation (2), the tempering ratio    τ    was higher in the matrix. Thus, after quenching & tempering treatment, in sample MD-QT, the size of precipitated carbides in the matrix was greater than those in the crack healing zone.



Previous researchers have found that the size of carbides could have a significant influence on the impact property. In tempered martensitic/bainite steel, it was illustrated that carbides or cracks formed by carbides are initiation sites for the fracture process [21,22]. Yan et al. [23] proposed that, in SA 508 steel, the existence of carbides could decrease the critical cleavage stress required for the initiation of microcracks, thus deteriorating the impact property. In our previous research [24], it was observed that cracks were deflected when they extended to the carbides. The crack propagation near the fracture surface in sample MD-QT is shown in Figure 8.



The evolution mechanism can be explained as follows. When the tip of crack propagation was first encountered at the carbides, the crack was deflected and it spread along the carbide edge (Figure 9a,b) due to the change in stress distribution.



When the crack came into contact with carbides, the degree of deflection in crack propagation due to lath-shaped carbides was higher than in elliptical carbides. The mechanism of action of the cracks and different morphologies of the carbides are shown in Figure 9e,f.




4.2. The Effect of Heat Treatment Methods on the Impact Property


The samples healed by different heat treatment methods are shown in Figure 10.



After homogenizing treatment, there was no significant difference in grain size between the crack healing zone and the matrix. Uniformity of grain size was achieved in different regions of sample MD-HT and MD-HT-QT. To study the influence of heat treatment on the microstructure characteristics, the matrices of samples MD and MD-QT were used for comparison.



The homogeneity in carbide distribution between the crack healing zone and the matrix could be affected by the homogeneity of grain sizes. Thus, the percentage of the impact property in MD-HT and MD-HT-QT increased compared with that in samples MD and MD-QT.



After homogenizing heat treatment followed by quenching and tempering heat treatment, the precipitated carbides in sample MD-HT-QT were lath shaped and larger in size when compared with the small elliptic carbides in sample MD-QT.



When compared with sample MD-HT, the carbide content inside the grains of sample MD-HT-QT increased, as shown in Figure 10d. After tempering, carbide dispersed inside grains was able to enhance the strength inside SA508-3. Due to the effect of carbide morphology on the impact properties, the absorbed energy in sample MD-HT-QT was higher than that in sample MD-HT. However, after several heating processes, it could also be observed that local overheating occurred in some regions of sample MD-HT-QT. In the overheating region, microcracks occurred at the grain boundary, which could lead to the degradation of absorbed energy compared with sample MD-QT.





5. Conclusions


In summary, the effects of homogenizing treatment and quenching and tempering treatment were investigated with respect to the impact property recovery of crack healing in SA508-3 steel and its microstructure. The main results are summarized as follows:



(1) The samples healing by multi-pass deformation exhibited higher performance in the impact property than the samples healing by uniaxial compression with the same heat treatment process.



(2) The microstructure of tempered SA508-3 steels is tempered bainite with carbides precipitated in the grains and along the grain boundary. The quenching and tempering process will result in a reduction in the recovery percentage of the impact property due to the different morphologies of precipitated carbides in the matrix and the crack healing zone.



(3) The percentage recovery rate of the crack healing zone significantly improved after the homogenizing treatment process. The impact property of the crack healing zone could be fully restored after the combination of homogenizing treatment followed by quenching and tempering treatment. However, after several rounds of heating, the grain-boundary strength decreased, and the impact value was relatively low.
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Figure 1. Illustration of SA 508-3 sample preparation. (a) SA 508-3 cylinders. (b) Sample with internal crack. (c) Charpy impact specimen. 
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Figure 2. Schematic of the multi-pass deformation process. (a) the first upsetting (b–e) stretching (f) the second upsetting. 
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Figure 3. Microstructure evolution observed by an optical microscope. (a) UC, (b) MD, (c) UC-HT, (d) MD-HT (e) UC-QT, (f) MD-QT, (g) UC-HT-QT, (h) MD-HT-QT. 
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Figure 4. Percentage recovery of the impact property with different heating methods. 
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Figure 5. Fractograph of samples observed by scanning electron microscopy. (a) UC, (b) MD, (c) UC-HT, (d) MD-HT (e) UC-QT, (f) MD-QT, (g) UC-HT-QT, (h)MD-HT-QT. 






Figure 5. Fractograph of samples observed by scanning electron microscopy. (a) UC, (b) MD, (c) UC-HT, (d) MD-HT (e) UC-QT, (f) MD-QT, (g) UC-HT-QT, (h)MD-HT-QT.



[image: Metals 10 00427 g005]







[image: Metals 10 00427 g006 550] 





Figure 6. Morphology of sample MD observed by scanning electron microscopy. (a) MD, 2000×, (b) crack healing zone in sample MD, 5000× (c) matrix in sample MD, 5000×. 
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Figure 7. Morphology of sample MD-QT observed by scanning electron microscopy. (a) sample MD-QT, (b) crack healing zone in sample MD-QT, (c) matrix in sample MD-QT. 
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Figure 8. Crack propagation near the fracture surface in sample MD-QT. 
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Figure 9. Crack propagation deflected by carbides.(a,c,e), elliptical carbides (b,d,f), and lath-shaped carbides. 
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Figure 10. Morphologies of carbides after different heat treatments observed by scanning electron microscopy. (a) MD (b) MD-HT (c) MD-QT (d) MD-HT-QT. 
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Table 1. The crack healing methods.
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Sample

	
Deformation Modes

	
Heat Treatment




	
Homogenization Treatment

	
Quenching and Tempering Treatment






	
UC

	
Uniaxial compression

	
-

	
-




	
UC-HT

	
Uniaxial compression

	
homogenization treatment

	
-




	
UC-QT

	
Uniaxial compression

	
-

	
quenching and tempering treatment




	
UC-HT-QT

	
Uniaxial compression

	
homogenization treatment

	
quenching and tempering treatment




	
MD

	
Multi-pass deformation

	
-

	




	
MD-HT

	
Multi-pass deformation

	
homogenization treatment

	
-




	
MD-QT

	
Multi-pass deformation

	
-

	
quenching and tempering treatment




	
MD-HT-QT

	
Multi-pass deformation

	
homogenization treatment

	
quenching and tempering treatment
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Table 2. Impact property of SA 508-3 samples after different healing methods.
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	Healing Methods
	Absorbed Energy in the Crack Healing Zone (J)
	Standard Deviation (J)
	Absorbed Energy in the Matrix (J)
	Percentage Recovery (%)





	UC
	8.93
	1.02
	14.54
	61.40%



	UC-HT
	31.36
	2.11
	33.34
	94.06%



	UC-QT
	61.75
	4.62
	218.82
	28.22%



	UC-HT-QT
	76.23
	3.43
	92.35
	82.54%



	MD
	19.41
	2.88
	17.30
	112.20%



	MD-HT
	33.45
	5.12
	33.98
	98.44%



	MD-QT
	170.34
	8.13
	222.56
	76.54%



	MD-HT-QT
	90.91
	5.49
	91.36
	99.51%







each result is the average of three values.














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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