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13 Abstract: In this study, we evaluated the cold drawing workability of two kinds of modified 9Cr-
14 2W steel containing different contents of boron and nitrogen, depending on the temperature and time
15  of normalizing and tempering treatments. Using ring compression tests at room temperature, the
16  effect of intermediate heat treatment condition on workability was investigated. It was found that the
17  prior austenite grain size can be changed by the austenite transformation, and the grain size increases
18  with increasing temperature during normalizing heat treatment. Alloy B and Alloy N showed
19  different patterns after normalizing heat treatment. Alloy N had higher stress than Alloy B, and the
20  reduction in alloy N increased, while the reduction in alloy B decreased. Alloy B showed a larger
21 number of initially formed cracks and a larger average crack length than Alloy N. Crack length and
22 number increased proportionally in Alloy B as the stress increased. Alloy B had lower crack resistance
23 than Alloy N due to boron segregation.

24 Keywords: intermediate heat treatment; boron; fabrication process

25

26 1. Introduction

27 A Generation IV SFR (sodium-cooled fast reactor) uses liquid sodium as a coolant and creates
28  nuclear fission using fast neutrons [1]. The main components of the SFR are the nuclear fuel
29  assemblies and nuclear fuel cladding. Because irradiation with fast neutrons generates thermal creep
30  and swelling, the nuclear fuel cladding tube needs to provide excellent swelling resistance, creep
31  resistance and high temperature strength for long periods of time. To meet these requirements, the
32 nuclear fuel cladding of sodium cooled fast reactors is typically 9-12% FM (ferritic martensitic) steel,
33 which exhibits outstanding thermal conductivity, a low thermal expansion coefficient, and high
34 resistance to void swelling [2].

35 Nonetheless, 9-12% Cr FM steels have a problem, because their high temperature strength and
36  creep characteristics deteriorate when they are subjected to high temperature for long periods of time.
37  To improve mechanical properties such as creep strength and high temperature strength, the steel’s
38  carbon content can be optimized by the addition of Mo and W, which are solid solution hardening
39  elements, and Nb and V, which are elements that form carbides and nitrides [3]. Boron is also known
40  to reduce the coarsening of MxCs carbides and decrease minimum creep rate, which improves
41  microstructure stability and improves the creep life of the material [4]. Nitrogen reacts to
42 precipitation hardening elements such as V, Nb, Cr to form fine nitrides (Nb, V)N and Cr2N. These
43 nitrides effectively contribute to the high-temperature creep properties, and improve microstructure
44 stability, due to their extremely high thermal stability [5].
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45 In previous studies, nuclear fuel cladding has been fabricated using several procedures. These
46  include VIM (vacuum induction melting), hot working such as hot forging and hot extrusion, and
47 cold working such as cold pilgering, which reduces the thickness and outer diameter by more than
48  90%, and several cold drawing methods with intermediate heat treatment. After fabrication with the
49  desired specifications the manufactured nuclear fuel cladding tube is finally normalized and
50  tempered. Some studies have shown that when boron and nitrogen are added to improve creep
51  characteristics and mechanical properties, the additives also affect the material’'s workability,
52 depending on content and heat treatment [6,7].

53 9-12% Cr FM steel was used to conduct a SIMS analysis of the distribution of boron at grain
54  boundaries caused by the effects of normalizing and tempering [8]. Studies on high temperature
55  ductility were carried out to examine surface cracks and corner cracks which occur during the
56  continuous casting process in boron added steel [9]. Boron has been reported to change its mechanical
57  properties depending on the cooling rate, the heat treatment temperature [10]. These indicate that
58  boron precipitates as compounds such as BN and M23(B, C)s at grain boundaries, weakening the grain
59  boundary and reducing high temperature ductility [11].

60 In this study, we evaluated the cold drawing workability of two kinds of modified 9Cr-2W steel
61  with different contents of boron and nitrogen, depending on normalizing and tempering temperature
62  and time. Ring compression testing at room temperature was used to investigate the effect of heat
63  treatment on workability.

64

65 2. Materials and Methods

66 The chemical compositions of the two different kinds of modified 9Cr-2W steel, designated

67  Alloy B and Alloy N, are shown in Table 1.

68

69 Table 1 Chemical compositions of the modified 9Cr-2W steels (wt %).

70

C Cr 4 N B Fe

Alloy B 0.07 8.89 1.934 0.02 0.013 Bal.
Alloy N 0.063 9.09 2.019 0.0767 0.004 Bal.

71

72 The modified 9Cr-2W steel ingot was melted in VIM (vacuum induction melting) and then hot-

73 forged at 1170°C to form rods. The fabricated modified 9Cr-2W steel rods were processed into billets
74  and hot extruded at 1170°C to produce extruded pipes with a 46 mm outer diameter and 3.5 mm
75  thickness. The manufactured mother tube was finally fabricated into a drawn tube with a 19.05 mm
76  outer diameter and 1.15 mm thickness by a cold drawing process.

71 The drawn tubes were sealed in quartz tubes in an atmosphere of argon gas, and then
78  normalized at 1038-1180°C for 6 and 30 min, followed by air cooling to room temperature. A
79  tempering treatment of the normalized specimens was carried out at 760°C for 40 min, followed by
80  air cooling to room temperature. The heat treatment conditions of the modified 9Cr-2W steel are
81  shown in Table 2. In order to observe the microstructure produced by the particular heat treatment
82  condition, the specimens were observed by optical microscope after etching with a mixed solution of
83  HF (hydrofluoric acid): HNO:s (nitric acid): H20 (distilled water) = 2: 3: 95.

84

85
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86 Table 2 Heat treatment conditions of the modified 9Cr-2W steels.
87
Normalizing Tempering
1038°C, 6min
Alloy B 1038°C, 30min 760°C, 40min
1100°C, 6min
AlloyN 1180°C, 6min
X 760°C, 40min
88
&9 In order to evaluate the mechanical properties and workability of the Modified 9Cr-2W steel as

90  aresult of the particular heat treatment conditions, ring compression testing was performed at room
91  temperature using an INSTRON-3367.
92 The cold pilgering and cold drawing induce tensile stress in the axial direction, and
93  compressive stress in the circumferential direction. Ring compression tests have also been conducted
94 toevaluate the workability of zirconium alloys after cold pilgering [12]. In this test, compressive stress
95  after cold working was evaluated. The compression test specimens were compressed at a rate of 1
96  mm/min for cladding with a 19.05 mm outer diameter and 1.15 mm thickness and 10 mm length. We
97  performed ring compression tests at room temperature based on the heat treatment conditions, and
98  used a stereoscope to observe the shape of cracks produced by the respective heat treatment
99  conditions.
100 In order to investigate the change in hardness produced by the various heat treatment
101  conditions, the Vickers hardness test was performed. The results were measured 12 times for each
102 specimen under a load of 500g, and the minimum and maximum values were excluded, and then
103 standard deviation and mean were evaluated.

104
105 3. Results

106  3.1. Changes in microstructure according to heat treatment conditions

107 Figure 1 and 2 show photographs of Alloy B and Alloy N following heat treatment, respectively.
108  The pilgering and drawing processes created an elongated grain boundary in the drawing direction
109 in the as-drawn specimens.

110
111

112
113
114

115

116

117 Figure 1 Optical micrographs of Alloy B for different heat treatment conditions: (a) as-drawn, (b)
118 normalized at 1038°C for 30 min, (c) normalized at 1180°C for 6 min, (d) tempered at 760°C for 40 min after as-
119 drawn, (e) tempered at 760 for 40 min after normalized at 1038°C for 30min and (f) tempered at 760 for 40 min
120 after normalized at 1180°C for 6min
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121 On the other hand, elongated grain boundary disappears in the normalized condition. (d)
122 indicates the tempering heat condition, after a treatment at 760°C for 40 minutes without a
123 normalizing heat treatment.

124
125

126

127

128
129
130
131
132
133
134
135
136
137 Figure 2 Optical micrographs of Alloy N for different heat treatment conditions: (a) as-drawn, (b)

138 normalized at 1038°C for 30 min, (c) normalized at 1180°C for 6 min, (d) tempered at 760°C for 40 min after as-
139 drawn, (e) tempered at 760 for 40 min after normalized at 1038°C for 30min and (f) tempered at 760 for 40 min

140 after normalized at 1180°C for 6min
141
142 Figure 3 shows the effect on austenite grain size for Alloy B and Alloy N, based on normalizing

143 conditions. In the initial state as-drawn Alloy B and Alloy N have an austenite grain size of 48 and 55
144 pm, respectively. In particular, at 1180°C the prior austenite grain size increased to more than twice
145 the size of the prior austenite grain at 1038°C.
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161 Figure 3 Variation in prior austenite grain size of Alloy B and Alloy N with different normalizing conditions
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163 3.2 Effect of heat treatment conditions on mechanical properties

164 Figure 4 shows a specimen (Alloy B) normalized at 1038°C for 6 min. A ring compression test
165  was conducted at room temperature and the results are represented in the schematic diagram. The
166  ring compression test was performed by pressing the sample in the cladding tube with a plate fixed
167  top and bottom, at a constant strain rate. The cladding tube gradually turns into an ellipse, because
168  the applied stress deforms the cladding tube as the axial load on the cladding tube increases. The
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aspects of the cracks at maximum compressive stress were found to be different for the normalizing

condition, as compared to the tempering condition. In the normalizing condition, the generated
cracks grew and then failed due to interactions, as the stress was increased.
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Figure 4 Stage of ring compression test (1038°C, 6m)

However, with the tempering condition, many cracks tended to occur, but unlike the normalizing
condition case, when the stress increased, the length and width of the cracks increased, but the cracks

did not interact with cracks grew and then failed due to interactions, as the stress was increased.

Figure 5 shows the results of maximum compressive strength and stiffness for the ring

compression testing at room temperature, based on heat treatment conditions. The results for the as-
drawn steels show that the maximum compressive stress of alloy B is higher than that of alloy N.

Since the prior austenite grain size of alloy N is larger than that of alloy B, the maximum compressive
stress of alloy N has a smaller value in the Hall-Petch equation. The stress in alloy N has a higher
value than that of alloy B after normalizing.
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230 Figure 5 Results of ring compression test with heat treatment condition for Alloy B and Alloy N: (a) Maximum
231 compressive stress, (b) stiffness and (c) reduction in height
232
233 Both alloys were normalized by heat treatment, and below 1100°C the prior austenite grain size

234 was less than that of the as-drawn samples. The prior austenite grain sizes increased but higher than
235  the stress of the as-drawn samples after heat treatment above 1100°C.

236 Overall, the stiffness of Alloy N was found to be higher than that of Alloy B, and Alloy N had
237  aconstant stiffness after heat treatment. On the other hand, Alloy B exhibited a higher stiffness than
238  that of as-drawn B when it was annealed at 760°C for 40 min.
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253 Figure 6 Results of hardness testing with heat treatment condition for Alloy B and Alloy N
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Normalized specimens of the two alloys were tempered at 760°C for 40 min and had high
stiffness. Therefore, Alloy N was determined to have high resistance to deformation in response to
an applied force.

Comparing the reduction in height of the two alloys, the reduction in height of as-drawn B was
higher than that of as-drawn N. The reduction in height of the two alloys was different before and
after the normalizing heat treatment. In the case of Alloy B, the reduction in height decreased as the
normalizing temperature increased.

Figure 6 shows the hardness results based on heat treatment. These results show a tendency
similar to that for stress.

3. 3 Crack formation and observation

Figure 7 shows photographs of cracks and the number and length of cracks for the as-drawn
conditions. The crack lengths and the numbers of cracks were compared in order to determine the
effect on workability induced by crack resistance during fuel cladding manufacture. Cracks were
formed in the Alloy B when stress reached 241MPa, while in alloy N cracks were generated when
stress reached 310MPa.
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Figure 7 Observation of cracks by OM image (a-b), Stress-strain curve and stereo image (c-d), (e) number
of cracks depending on strain and (d) mean of crack length depending on strain

Figure 8 shows cracks that were observed after carrying out compression testing at room
temperature, based on heat treatment conditions. Between temperatures of 1038 to 1100°C, multiple
cracks were generated when the maximum compressive stress was reached, and when the maximum
tensile stress was applied in the longitudinal direction, the existing cracks were connected and
formed into a shape like stair steps. As the tensile stress increased in the axial direction in the center
part in the specimen at 1180°C, the sample seemed to be fractured by an existing single crack.
Multiple cracks existed without connecting in the tempering condition. The tempering heat treatment
changed the sample from a martensitic structure with brittleness to a tempered martensitic structure
with increasing ductility, and following the transition the cracks were different in appearance.

d0i:10.20944/preprints201801.0056.v1
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304 Figure 8 Observation of cracking with heat treatment (a) normalizing condition and (b) tempering condition
305 (760°C, 40 min after normalizing)

306

307 4. Discussion

308 This study investigated the mechanical properties of cladding tubes fabricated with two types
309  ofalloy, Alloy B and Alloy N, and evaluated the effects of normalizing and tempering heat treatments
310  on the workability of the tubes, which is required for manufacturing cladding tube. In Figure 1 and
311 2, as drawn specimen has an elongated grain boundary in the drawing direction due to deformation
312 by drawing and pilgering process. On the other hand, the deformed microstructure was transformed
313 into an austenitic structure by heating at the ACs transformation point or higher in the normalized
314  condition. The deformed structure disappears due to recrystallization, and forms a lath martensitic
315 structure with a high dislocation density after air cooling [13]. The tempering heat treatment does not
316  cause recrystallization, so some deformed microstructure remains. A typical tempered martensitic
317  structure is produced by the tempering condition after normalizing. There is no recrystallization
318  during the tempering heat treatment, and the strength decreases and the ductility increases due to
319  dislocation recovery, but the previous austenite grain size is not affected [14].

320 The change of prior austenite grain boundary size is related to normalizing temperature. When
321  the as-drawn specimens were normalized at 1038°C, the austenite transformation resulted in
322 recrystallization of the deformed microstructure and an increase in nucleation sites, resulting in
323 smaller grain sizes. At a normalizing temperature above 1100°C, the grain sizes increased because
324  the growth rate of the grain was faster than the rate at which the nucleation sites occurred. As the
325  normalizing temperature increases, compressive stress also increases. During the normalizing heat
326  treatment, carbide is solubilized in the matrix and has a low fraction of precipitate, which increases
327  the stress induced by carbon in the matrix[14]. When the as-drawn conditions were tempered at
328 760°C for 40 min, stress was reduced because the dislocation density decreased, and solute atoms in
329  the matrix precipitated with a high fraction precipitate [14].

330 Stiffness is the rigidity of an object against deformation in response to an applied force. This
331  resistance is a property of the structure or a component of the structure, and hence it is dependent
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332 upon the various physical dimensions which describe that component. For example, for an element
333 intension or compression, the axial stiffness is

334
AE
335 k = T
336
337 where A is the cross section area, E is the (tensile or compression) elastic modulus (or Young's
338  modulus), and L is the length of the element.
339 Cracks are generated because the stress applied to the material changes elastic regions into

340  plastic regions during ring compression test at room temperature. These are thought to be formed by
341  the accumulation of many small cracks in a direction that is tangential to the inner surface. It appears
342  that more than 10% tensile strain is sufficient to produce the occurrence of cracks [15]. The cracks are
343 generated in the grain boundaries. The grain boundary between boron and steel is known to occur
344 due to equilibrium and non-equilibrium segregation [16]. Equilibrium grain boundary segregation
345  occurs with the movement of solute atoms from the matrix to grain boundaries and free surfaces. The
346  driving force for the equilibrium segregation is the reduction in the grain boundary free energy. NGS
347  (Non-equilibrium grain boundary segregation) occurs during cooling from high temperatures when
348  mobile vacancy-solute complexes diffuse down vacancy gradients towards vacancy sinks [16]. The
349  NGS mechanism depends on the formation of sufficient quantities of vacancy-solute complexes. It
350  hasbeen widely accepted that the NGS of boron in steel is the dominating process [17].

351 Since the vacancy concentration also increases as the normalizing temperature increases, the
352 vacancy-solute complexes increase and the segregation of boron often occurs at the grain boundary.
353  Segregation of boron may weaken the grain boundary bonding force. Therefore, the reduction in
354  height is decreased by the segregation of boron, and it decreases especially sharply at 1180°C. In the
355  case of Alloy N, the reduction in height increased as the normalizing temperature increased. During
356  the normalizing heat treatment, carbide is solubilized in the matrix and has a low fraction of
357  precipitate, which decreases the interaction between carbon and dislocations. As a consequence, the
358  reduction in height increases as the normalizing temperature increases.

359 When as-drawn Alloy B samples were tempered at 760°C for 40 min, the decrease in height
360  reduction was attributed to the segregation of boron. Some studies have analyzed the tempering heat
361  treatment by APT (atom probe tomography). The APT results show that the concentrations of Cr,
362 Mo, V and Mn in the matrix decrease, and then Nb, B and N are depleted from the matrix. It is
363  noteworthy that the M2Cs precipitate at a PAGB contains a very high concentration of boron [8].
364  Segregation were analyzed from the view point of grain boundary characteristics by using EBSD
365 (Electron back scattered diffraction) [18]. It is well known that the segregation is thermodynamically
366  preferential to occur at high energy boundaries such as high angle random boundaries (Prior
367  austenite grain boundary and packet boundary) [19].

368 Comparing the two alloys, a larger number of cracks initially formed in Alloy B, and the cracks
369  had alarger average length than those in Alloy N. The cracks in Alloy B increased proportionally as
370  the stress increased. Alloy B had a lower crack resistance than Alloy N. The reason for the low crack
371  resistance of Alloy B is considered to be weakening of grain boundary due to segregation of excess
372 boron.

373  5.Conclusion

374 This study investigated the mechanical properties of cladding tubes fabricated with two types
375  ofalloy, Alloy B and Alloy N, and evaluated the effects of normalizing and tempering heat treatments
376  on the workability of the tubes, which is required for manufacturing cladding tube. The difference in
377  stress of the as-drawn alloys was indicated by the difference in prior austenite grain size. The prior
378  austenite grain size can be changed by the austenite transformation, and the grain size was found to
379  increase with increasing normalizing temperature in the normalizing heat treatment process. The
380  stiffness of Alloy N was determined to be higher than that of Alloy B, and Alloy N had a constant
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381  stiffness after heat treatment. On the other hand, Alloy B had a higher stiffness than that of as-drawn
382 B when it was annealed at 760°C for 40 minutes.

383 Normalized specimens of the two alloys were tempered at 760°C for 40 minutes, and exhibited
384  high stiffness. Alloy N was determined to have high resistance to deformation in response to an
385  applied force. Cracks were formed in Alloy B when applied stress reached 241MPa, while cracks in
386  Alloy N were generated when stress reached 310MPa. Comparing the two alloys, Alloy B showed a
387  larger number of initially formed cracks and a larger average crack length, than Alloy N. Cracking in
388  Alloy B increased proportionally as the stress increased, and Alloy B had a lower crack resistance
389  than Alloy N. The reason for the low crack resistance of Alloy B is considered to be weakening of
390  grain boundary due to segregation of excess boron.

391 After tempering treatment, multiple cracks existed, but without connecting. The tempering heat
392  treatment changes the steel from a martensitic structure with brittleness to a tempered martensitic
393 structure with increasing ductility, and following the change the cracks are different in appearance.
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