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Abstract.  MTC proposed that production of the International Thermonuclear Experimental Reactor (ITER) toroidal magnetic field coils support structure "Radial Plate (RP)" using the HIP diffusion bonding. HIP allows production cost reductions in materials and machining time.  However, insufficient strength of the HIP diffusion bonded sections was an issue. In this study, changes in bonding strength and base material strength were investigated using HIP treatment temperatures as parameters. Mechanical property tests and microstructure observation of the cross sections at the bonded areas after HIP treatment were conducted and as a result it was found that the bonding strength equivalent to the mechanical strength of the base metal can be obtained at 1300[°C]. However, the yield strength at room temperature of the base material after HIP treatment decreased by 24%. Since crystal grain coarsening occurs due to heat input by HIP, design considerations are required to guarantee the specified strength.  Furthermore, a full-size mock-up of RP segments was fabricated by HIP. It was confirmed that the yield strength and fracture toughness at 4 [K] at the bonded sections of the mock-up satisfied the specified values required for the RP and uniform quality was obtained. From this study, it was proven that HIP diffusion bonding can be applied to the fabrication of RP segments.
1. Introduction.
The Radial Plate (RP) is a structure for accommodating and supporting the conductors of the toroidal field coils of the nuclear fusion reactor at ITER. Grooves for accommodating conductors are provided in a D-shaped structure with a width of 9 [m], a height of 13 [m], and a thickness of 100 [mm] (Figure 1.1). The D-shaped structure is fabricated by welding the RP segments together. As RP are used within a strong electromagnetic field and at cryogenic temperatures, they must have a high yield and tensile strength. For this reason, FM316LNH stainless steel (Table 1.1) was chosen.

Figure1.1  ITER TF Coil Radial Plate and Cover Plate [3]

The material cost of FM316LNH is high because it requires high purity raw materials and advanced forging technology. Moreover, since the RP has a curved shape with U-shaped grooves, machining from a forged plate has a material yield of about 20% [5]. Therefore, Masao [1] and Takahashi [2] proposed streamlining production by reducing material and machining costs, using HIP diffusion bonding to form materials to a near-net-shape.  However, insufficient strength of the HIP diffusion bonded sections was an issue.  In this study, trial pieces and a mock-up were made aiming at improving the strength of the bonded sections.  In this presentation, we will report on the following two points:
• Investigation of bonding conditions with processing temperatures as parameters in HIP diffusion bonding between two blocks of FM 316LNH; and
• Results of RP segment mock-up production using HIP diffusion bonding.

 Table 1.1  Chemical compositions of FM316LNH [4]
	material
	C
	Si
	Mn
	P
	S
	Ni
	Cr
	Mo
	N
	C+N

	mass %
	0.030
max.
	2.00
max.
	2.0
max.
	0.035
max.
	0.020
max.
	10.00
-14.00
	16.00
-18.50
	2.0
-3.0
	0.15
-0.20
	0.180
Min



Table 1.2  Mechanical properties of FM316LNH (Hot Rolled Plate, Thickness<200mm) [4]
	
	Yield Strength(MPa)
	Charpy Absorbed 
Energy(J)
	Fracture Toughness
KIC (MPa√m)

	Test temperature
	RT
	77K
	4K
	77K
	4K

	Design strength
	280
	705
	900
	-
	-

	Reference Design Value
	-
	-
	-
	272
	255



2. Investigation of bonding temperature.
Processing conditions were sought with the goal that the base material sections and the bonded sections satisfy the design strengths (Table 1.2) for FM316LNH.
2.1 HIP treatment.  Test pieces were prepared by changing the HIP bonding temperature from 1050 [°C] to 1300 [°C] in increments of 50 [°C].  The same HIP device was used throughout.
HIP processing conditions:  X [°C] × 118 [MPa] × 4 [hrs.] 
X = 1050, 1100, 1150, 1200, 1250, 1300
2.2 Material.  FM316LNH hot-rolled plate was used for the test pieces. Table 2 shows the chemical composition of the material. The bonded material test piece (B) configuration is shown in Figure 2.1. A block of the base material (M), 220 [mm] × 115 [mm] × 20 [mm] was prepared and HIP treatment was performed on the base material together with the bonded material at the same time. Tensile test, fracture toughness test, Charpy impact test, crystal grain size measurement tests, and cross-section observation of bonded sections were performed on the base material section (M) and the bonded section (B) of each test piece and the states for the respective bonding tempura were compared (Table 2.2).  Particularly in the fracture toughness test and the Charpy impact test, the bond is expected to be weak because the grain boundaries are aligned along the bonded boundary. Therefore, in order to confirm the state in which the crystal grains grow beyond the bonding interface and the boundary disappears, the cross sections of the bonded sections were observed. In order to compare these values before and after the HIP treatment, the same test was performed on the material before and after the HIP treatment.

① Grain size measurement and cross section observation
②Tensile test piece
③Charpy absobes enegy test piece
④Fracture Toughness test piece







Figure 2.1  Bonded Material Test Piece Configuration（B）


[bookmark: _GoBack]Table 2.1 Chemical compositions of material
	material
	C
	Si
	Mn
	P
	S
	Ni
	Cr
	Mo
	N
	C+N

	mass%
	0.024
	0.54
	1.53
	0.018
	0.0003
	12.95
	16.48
	2.54
	0.172
	0.196



Table 2.2 Bonded material and Base Material Test
	Test Item
	Condition
	Section
	n
	Method

	Grain Size
	Arbitrary
	M
	1
	JIS G 0551

	Bonding Surface
	Arbitrary
	B
	6
	Micro graphic

	Yield Strength
	RT, 77K, 4K
	M,B
	2
	JIS Z 2201

	Charpy Absorbed Energy
	RT, 77K
	M,B
	3
	ASTM E 23

	Fracture Toughness KIC
	4K
	M,B
	2
	ASTM E 1820
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2.3.1 Grain Size and Yield Strength.
Figure 2.2 shows the grain size with respect to HIP bonding temperatures and the changes in the yield strength (Y.S.) average at room temperature (RT) and 4 [K]. Figure 2.2 Changes in grain size & Y.S.(RT,4K)
Big

The Y.S. of the bonded section was the same strength as that of the base material section under all conditions. However, when compared with the material before HIP treatment, Y.S at RT decreased.  [image: ]Since grain boundaries impede dislocation movement, Y.S. tends to increase as the crystal grain size becomes smaller. (Hall-Petch Equation [5]) It is thought that the phenomena attributable to this occurred in the base material section. For the test pieces subjected to HIP treatment at 1300 °C, the average value of the Y.S. decreased by 24% at RT, compared with the material before HIP treatment, whereas the average value of Y.S. decreased by 10% at 77 [K], and merely 1% at 4 [K]. As the test temperature decreases, it is presumed that the influence of the impediment to dislocation movement by grain boundaries becomes smaller and the decrease rate of Y.S. decreases.
2.3.2 Fracture Toughness Value and Charpy Absorbed Energy.  
Figure 2.3, shows the average of the fracture toughness value at 4 [K] and Charpy absorbed energy at 77 [K] at the bonded section. Figure 2.3
Changes KIC(4K) and Charpy absorbed enrgy (77K)

The bonded sections fracture toughness and Charpy absorbed energy increase with the rising HIP bonding temperature. The fracture toughness values at the bonded section satisfied the design reference values at a bonding temperature 
of 1150 °C and above.  On the other hand, Charpy absorbed energy values at the bonded section didn’t meet the design reference values. Both the fracture toughness values and the Charpy absorbed energy values of the base material section satisfied the design reference values under all bonding conditions. It is noted that the strength of the base material section tends to increase with HIP bonding temperature and this is presumed to be caused by the coarsening crystal grains. The influence of crystal grain size on fracture toughness values and Charpy absorbed energy values is currently under investigation. The strength improvement due to the rise in the bonding temperature was particularly conspicuous at the bonded section. This is thought to be due to the fact that improvement of the bonding interface affects the strength.
2.3.3 Crystal Grain Size and Condition of Bonded Interface.  The relationship between crystal grain sizes and HIP bonding temperature is shown in Figure 2.2.  Table 2.3 shows the micro structure of the bonded section in cross-section and the fracture surface of the Charpy test piece for each HIP bonding temperature. Along with the coarsening of crystal grains accompanying the rise in bonding, the crystal grain progresses and the bonding interface disappears. From the fracture surface of the impact test piece at the bonded section, it can be seen that the fracture of the bonded section changed to have a ductile fracture behavior as the bonded interface disappeared. From this, it is believed that the state of the bonding interface is related to the bonding strength, and it is possible to judge whether the bonding state is good or bad by observing the state of the bonding interface. 

Table 2.3 Bonding interface state & Charpy fracture surface in each temperature range
	HIP Temperature
	1100℃
	1250℃
	1300℃

	Bonding
Surface
	
	
	

	Charpy
Fracture
Surface
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	[image: ]



2.3.4 Summary. With the rise in HIP temperature, the following phenomena occurred:
• Coarsening (growth) of crystal grains,
• Disappearance of the bonded interface,
• Reduction in Y.S. at RT, 77 [K],
• Improvement of fracture toughness and Charpy absorbed energy values of the base material and bonded sections.
As the crystal grains coarsen and the bonded interface disappears, the toughness of the bonded section is improved. In view of this result, it is thought that the bonding state can be judged by confirming the crystal state near the bonding interface.
2.4 Optimization of Bonding Temperature.
• Based on the result in this section, the best HIP bonding temperature is 1300 [°C]. 
It provides the highest strength at 4 [K], 
• When HIP diffusion bonding is applied to this material, it is necessary to design the strength whilst considering reduction of Y.S. due to heat input.
3. Manufacturing of full-size mock-up. 
Based on the results in Section 2, in order to confirm that consistent results can be obtained in a full-size structure, RP segment mock-up was fabricated by HIP diffusion bonding.
3.1 Mock-up Structure.  The capsule structure of the mock-up and its fabrication flow are shown in Figure 3.1. The material was taken from the same lot as in Section 2. After HIP treatment, machining was carried out and the required accuracy was confirmed.
3.2 HIP Processing Condition.  HIP process condition: 1300 [°C] × 118 [MPa] × 4 [hrs.]
3.3 Quality Confirmation Test.  Test pieces were taken from the mock-up after HIP treatment and quality confirmation tests on the bonded sections (Table 3.1) were performed.  The areas removed are shown in Figure 3.1. From Table 3.2, it can be confirmed that the growth of crystal grains progresses and the bonded interface disappears. As shown in Table 3.3, Y.S. at 4 [K] and fracture toughness values satisfied the specified values of the material in all test pieces. On the other hand, Y.S. at RT and 77 [K] were lower than the specified values. However, there is little variation in the strength, and no substantial difference is observed, compared with the strength of the base material section and the bonded section of small-size bonded bodies (Section 2). In addition, all the tensile test pieces were fractured in the base material sections with basically the same strength as that of the base material parts. As a result, it was confirmed that uniform bonding quality was obtained through the entire structure. 

Table 3.1 Quality Confirmation Test
	Test Detail
	n
	Test Detail
	condition
	n

	Composition Analysis
	1*
	Yield strength
	RT, 77K ,4K
	6/area

	Grain Size
	1*
	Fracture Toughness KIC
	4K
	8/area

	Bonded Surface
	26/area
	**One segment in the entire mock-up
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Figure 3.1  RP segment mockup structure / production flow



Table 3.2  Bonding interface of  mock-up
	A
	B
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	C
	D
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Table 3.3 Mock-up bonded part mechanical strength results (average value)
	Sample
	Y.S.(MPa)
	Fracture Toughness
KIC 4K (MPa√m)

	
	RT
	77K
	4K
	

	Specified value of material*
	>280
	>705
	>900
	>180

	Material before HIP treatment**
	318.1
	745.2
	975.7
	343.0

	1300℃ HIP Base material part **
	243.3
	673.1
	967.4
	418.9

	1300℃ HIP Bonded part **
	241.4
	659.9
	919.6
	378.7

	Area A
	238.2
	644.8
	931.8
	288.5

	Area B
	237.3
	646.8
	932.3
	325.6

	Area C
	235.6
	644.0
	932.2
	331.5

	Area D
	232.5
	634.5
	918.8
	334.1


*Reprinted from Table 1.2   **Reprinted from Section 2

3.4 Reduction Factor.  Table 3.4 shows the Table 3.4 Allowable Stress Reduction Factor


	Temperature
	RT
	77K
	4K

	Average value
	0.74
	0.86
	0.95

	Standard Deviation
	0.01
	0.01
	0.01

	2.33σ
	0.02
	0.02
	0.02

	Reduction Factor
	0.72
	0.84
	0.92


allowable stress reduction factor estimated from the yield strength of the full-size mock-up compared with pre-HIP material. The reliability of the factor is greater than or equal to 99% by the point of μ-2.33σ in the probability function. Here, μ is the arithmetic mean and σ is the corrected sample standard deviation.
The allowable stress reduction factor is given by; 1.955×10-6T2 - 1.295×10-3T+0.9311. Where, T expresses temperature [K]. The allowable stress of HIP bonded structure is given by multiplying the allowable stress reduction factor onto the allowable stress of the structure evaluated before the HIP treatment.
3.5 Summary: Production of full-size Mock-up.  
• Mock-up Fabrication: HIP: 1300 [°C] × 118 [MPa] × 4 [hrs.]
• Constant quality can be obtained regardless of product size.
• Y.S., fracture toughness satisfies standard values at 4 [K].
• Y.S. at RT and 77 [K] fell below the specified value of the material. .
• The allowable stress of HIP diffusion bonded structure can corrected by the allowable stress reduction factor.

4. Conclusion.
In order to streamline the production of RP segments, we examined the HIP temperatures to optimizing the HIP processing conditions in diffusion bonding of FM316LNH materials together. The following conclusions were drawn from comparison of various mechanical strengths obtained with small test pieces for each temperature parameter. Fabrication was verified by a mock-up structure. 
• HIP diffusion bonding temperature for the highest mechanical property at 4 [K] is 1300[°C].
• Despite the size and structure of the HIPed parts uniformed bonding was achieved. 
• Bonded strength depends on grain development at the bonding interface; the bonded state can be determined by observing the bonded interface.
• Coarsening of crystal grains occurs during HIP treatment and the yield strength of the base material part tends to decrease with temperature increases.
• In the design of the HIP diffusion bonded structure, it is necessary to consider reduction of the yield strength especially at room temperature and 77K, due to the crystal grains coarsening during HIP treatment. In the design of the HIP diffusion bonded structure, the allowable stress can be obtained by multiplying the limit value of the stress intensity with the allowable stress reduction factor.
• Future work will be to collect fatigue strength data at operating conditions.
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