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Abstract

The joint project for high-intensity proton accelerators in

KEK and \_]AERI has. been proposed with th& 1 Tensile and Impact Tests

superconducting proton linac. Because of the redficed-

(vic, Particle velocity relative to the speed of light) andhe mechanical properties, 0.2% yield strength (YS),
squeezed cavity shape, mechanical properties of cavitidimate tensile strength (TS) and elongation were
are very important. In this paper, the results of fractur@easured at 4 K, 77 K and room temperature (RT). Figure
toughness and mechanical tests of pure niobiutnand figure 2 summarize the tensile properties of two
(RRR=200) plates (3-mm-thick) and welded joints forsamples tested.

3 EXPERIMENTAL

superconducting cavities at 4 K are reported. T 1000,
=3 900 O YS(Lotl)
2 800 ‘ @ TS(Lotl)
1 INTRODUCTION A YS (Lot2)
. . L 7007 A TS (Lot2)
Several mechanical properties of pure niobium (Nb) at .
low temperatures have been investigated [1] [2] [3]. But, 5001 é
fracture toughness data that enable the quantitatie A
evaluation of the fracture behavior under the presence of&a 4007
flaw are not available. In this paper, detailed results of 300
fracture toughness tests at the liquid helium temperature 200 Py
of 4 K and fractographic/microscopic analysis are 100-
described, including the summary of the basic tensile and o] : : : : : é
impact test results. 0 50 100 150 200 250 300

Temperature (K)

Figure 1: Summary of yield and tensile strength data
2 MATERIALS

The commercially available pure Nb plates with high ;44
RRR of over 200 for superconducting cavities were 9] O Lot1
supplied by TOKYO DENKAI (Lot 1:Sep. 30, 1996, Lot 1 A lot2
2:July 29, 1998) and prepared for the tests. Materials were
cold-rolled and annealed at 78C for 2 hours at the __ 707
vender. Test specimens were wire cut from as received 60
materials and joints were welded by using an Electrons 5o

>

Beam Welding (EBW) machine at the KEK workshop. % 20 A
The thickness of the materials is 3 mm and a weld beagf 304
width of the joint is about 5 mm. Table 1 shows the 1 o
chemical composition of the material. 207 %
101
Table 1: Chemical composition of the material O0+— T T T T T
ST o 5 N o = = 0 50 100 150 200 250 300
Wt% [0.00Imaf 0.01] 0.004 0.004 0.095 0.003 Tenperature (K)
Ti W i Mo 7 Nb Figure 2: Summary of elongation data
0.003 [ 0.01mak 0.00p 0.005mgx 0.01lmax 99.85min

* On leave from Mitsubishi Electric Corporation (MELCO)
E-mail: mukugi@linac.tokai.jaeri.go.jp
In the absence, please contagthi@linac.tokai.jaeri.go.jp
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The results of V-notch Charpy impact tests at 4 K, 77 BRn the basis of plane-strain criteria of Eq. 2, these results
and RT are summarized in figure 3. The thickness of temte revealed not valid, and applicable only for 3-mm-thick

specimens is 3 mm. Nb materials.

50 i Kic 2

Thickness = 3 mm B&a = 25 2
] o

457 O Lot1 - _
5 0] o A Lot?2 For e?(ample_, in the case of s_ample _N0.2, a 28-mm-thick
B 351 plate is required for plane-strain conditions to apply.
7] o Table 2 summarizes the measured fracture toughkgss (
g 397 P g 95 % secant loadPg) and crack lengthaj. Because the
5251 A plain-stress evaluation was needed, healculation was
8 50 made according to the ASTM E1737 [5] and BS7448 [6].
% 151 Table 3 shows the plane-str_ess fracture toughdgsard
Sl A converted toughnesK{). EstimatedK, values are much
Tl A greater than thiq values.

51 o

0 T T T T T T T T T T T T ! Load Load

0 50 100 150 200 250 300 - _
Temperature (K) ~' !

Figure 3: Summary df-notch Charpy impact tests i “E
3.2 Fracture Toughness Test 3 L

Plane-strain fracture toughness tests of Lot 1 materia
were performed according to the ASTM E399-90 [4]. | 7
Figure 4 shows the photograph of the test. In order for & [’
result to be considered valid to this method, it is requiredi o
to satisfy the specifications; a size of specimen, crack. (o
length, fatigue pre-cracking condition, etc . The Appendix -;;
summarizes the various specifications according to th% b { :
ASTM E399, E1737 [5] and BS7448 [6] with the %
descriptions of detailed equations and symbols. As showr i
in figure 5, the shape of the test piece was made to bl&m o Spemmﬁen E<
compact tension (CT) specimens of the half size, and the - — )
thickness was made to be 3 mm as of original thickness.fjgure 4: Fracture toughness test at 4 K
making the plane-strain fracture toughness tests valid, the
biggest problem was an introduction of the fatigue pre-
crack. The yield stress of this material at RT is 44 MPa.
This means that the crack must be introduced in the very
low stress intensity at RT in order to satisfy Eq. 1, and the
very long term, which is unrealistic, is needed.

Ki(max) £ 0.6 (0y1/0y2)xKq (1)

The maximum stress intensity factok§max) for this
present test assumingo=30 MPa-mi’? at 4 K are 1.8
MPa-nt'? at RT and 19.1 MPa -t at the liquid nitrogen
(LN,) temperature of 77 K. Therefore, the introduction of
the pre-crack was carried out at the,lidmperature with
Kt(max) Of 12.5013.5 MPa-m'?.

Figure 6 and figure 7 show the load — displacement curves
of sample No.2 (Bulk Nb) and No.3 (Weld bead) obtained
in the fracture toughness test. In case of the sample No.1,
it seemed the excessive compressive load caused the
plastic deformation by the error operation. The result of
this sample is needed to be treated carefully.

6.3

Figure 5: Shape of fracture toughness specimen (1/2 CT)
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Figure 6: load — displacement curve (No.2, Bulk Nb)
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Figure 7: Load — displacement curve (No.3, Weld bead)

Table 2: Fracture toughnelsg (for 3 mm thickness)

No.| Conditior] Ko Load R, Crack length af
MPant’” kN cm
1] Nb TL (50.1) 2.680 1.206
2| Nb LT 45.5 2.370 1.228
3 [ weld bead| 335 1.720 1.240
4 | weld bond 35.0 1.765 1.256
Table 3: Plane-stress fracture toughrkss
No | Conditior] Je Load Ryax K (from J)
kJ/nf kN MPasn”
1] N TL (81.9) 4.335 (99.2)
2| Nb LT 57.0 2.971 82.8
3 | Weld bead 40.3 2.069 69.6
4 | weld bond 54.9 2.765 81.3
TUP042

3.3 Fractographic and metallographic analysis

Correlations between fracture and microstructure/fracture
surface were investigated by using metallographic and
fractographic methods. Figure 8 shows the macroscopic
fracture surfaces of samples No.1 to No.4. Figure 9 to
figure 13 show the magnified fracture surfaces of the
sample No.2 and No.3 by using a scanning electron
microscope (SEM). These fractographic analyses indicate
brittle and intergranular fracture mechanisms with the
cleavage fracture surfaces.

Figure 8: Fracture surfaces tested at 4 K

Fatigue

Notch crack Fracture surface
4>«

Figure 9: Fracture surface of sample No.2 (Bulk Nb)

X 270

Figure 10: Cleavage fracture surface of sample No.2

321



Proceedings of the 1999 Workshop on RF Superconductivity, La Fonda Hotel, Santa Fe, New Mexico, USA

Fatigue
Notch crack Fracture surface X6
> <4>e

X 100

X 60

Figure 15: Fracture with micro-cracks along slip
bands of sample No.3

X 100

X 270

Figure 16: Fracture with micro-cracks and microvoids
of sample No.4, revealing cracks along slip bands,
microvoids at intersection of crossed slip bands

4 DISCUSSIONS

Here, we try to calculate the allowable pressure for crack
propagation by using the obtainet,=33.5 MPa-mh'? of

the weld bead. Our design stress level of a cavity is
limited below 28.7 MPa (43 MPa/1.5, based on YS at RT)

Figure 14 to figure 16 show the metallographic sectioﬁa'sgaInSt the vacuum load.

of_fractured surfac_es of t_he sample N0.2_ , No.3 and No.44 1 center-cracked model in a large sheet
Micro-cracks or microvoids along the slip bands, or at the

intersection of , 1. grain boundary and slip bands, 2The stress-intensity factor of this 4y
crossed slip bands (compiled dislocations),  wer@odel shown in figure 17 is _ _— _——_
observed. The fracture initiates the microvoids and micréetermined from Eq. 3.

cracks, and these defects finally cause the cleavadé=o.ma (3) 2a
fracture. Table 4 shows the result of a %
calculation.

X 400 Table 4 : Allowable pressure

Flaw size 2a | (mm) 0. 1 g o
Allowable pressig atm| 41.91 29.5 132 ‘

10T 201 201 8oli60T320] Figurel7:Center-cracked
93] 66| 4.7 34 2.3 L model

oY

4.2 Thin-walled cylinder with a crack

5 The calculation model is shown in figure 18 with a crack
dﬁ.- o of 1.5 mm depth in a thin-walled cylinder of 3 mm
thickness.

Stress intensity factor of this model is given by Eq. 4,

/" /' Microvoi
/ I

Figure 14: Fracture with microvoids of sample No.2
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andK value of 5.57 MPa-M? ?
is calculated wunder the
pressure of 1 atm. Therefore,
the critical pressure for crack
propagation is 5.2 atm.

K : Calculated from 95% secant load (MP&-th
P inf P . @ ratio of min. to max. load in the fatigue pre-cracking

W = specimen width (cm)
a = crack length (cm)

—

? o= 28.7MPa Q

at 1 atm

K =oJmaF (aWw), aW=f  (4)
F(£) 01.12-0.23F +10.55° crack
-21.7F%*+30.3¢*

0.2 % vyield strength for lot 1 material
0, 44 MPaatRTg,: 444 MPaat 77 K
0,,; 431 MPaat4 K
assuming o = 30 MPa-m'?
Figure 18: Thin-walled At room temperature,
5 CONCLUSIONS cylinder model  Ki(;4,)=0.6 (0,1/0y2)xKq = 1.84 MPa-ri/?

1. The fracture toughneskd) for bulk Nb at 4 K is 45.5 ﬁt LNzt_ejl-”gpirgtlI:;ﬁgg{p,
MPa-nt'2, and 33.5 MPa-m? for weld bead. f(max)= ==

SaAd (£

|

i

I _ _ y

i Example: Fatigue pre-cracking condition
|

i

i

<
<
<—L

2. The fracture of Nb at 4 K initiates the microvoids ané' Calculayzon 0f Kq for the compact specimen in units
. . of MPa-m"? (ASTM E399-90)
micro-cracks, and finally these defects cause the cleavage

fracture. 2+a/W){0.886+ 4.64a/W ~1332a% /W* +1472a° IW° ~5.6a° /W*)

Kq = (PQ/BW”Z)X( w
L-a/w)
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APPENDIX E - Bh
A, : area for J calculation

Referenced to the ASTM E399, E1737 and BS7448 b,: remaining ligamentW-a)

pl

1. Pre-cracking Procedure (ASTM E399-90) 5. Calculation of load-line displacement (BS7448)
Ki(max /E £ 0.00032n The load-line displacemen can be calculated from the
Ki(max) € 0.6 (0y1/0y2)xKq crack mouth open displacemant

1< P, /P, = 0.1 V, _ 048N +0.54a,

0.48N <a<0.55V, where:

K . max. stress intensity in the fatigue crack growth
E : Young's modulus (MPa)

g, . yield stress in the fatigue pre-cracking (MPa)
o,, : yield stress in th& . test (MPa)

Vg 0.7 +054a,

f(max)
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