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Study on Brittle Fracture Strength

of Pressure Vessel with Surface Flaws
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Michio Usuiima and Takeo Hanawa

Abstract

Experimental study on strength of pressure vessel models have been carried out using
two types of test model ; one is the cylindrical shape which has a notch at the inner surface
and the other is the pressure vessel with nozzles which have surface notches at the nozzle
corner. The notches were made with special cutting grinder so that the notch tip radius
becomes as sharp as 0.lmm. The material of cylindrical part of the vessel is the ASTM
A533B-Class 1 steel and that of nozzle part is the ASTM A508-Class 2 forging steel.

Almost of all models were tested at temperature range of the elastic-plastic brittle
fracture behavior. The experimental results were analized relating to the effects of notch
length (2¢), notch depth (t,) ratio to the vessel plate thickness (t) and mean radius (R) of test
vessel on fracture stress (oy) ratio to the flow stress (6) of the material used at test
temperature.

The fracture stress strongly depended on the parameter ¢/v'R and also t,/t. Using ¢/
VR, it was found that fracture stress ratio ¢,/& was expressed by the equation as follows

o,/5=M3'= [14+a(c//R)?] 12
where

a=0.140(t, /t)?

In conclusion, the fracture hoop stress &, was able to be predicted precisely with the
surface notch parameter M and the flow stress using above equation. In case of elastic
brittle fracture behavior, the brittle fracture hoop stress could also be predicted using the
brittle fracture stress o of flat plate with the same surface notch instead of the flow stress.
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Table 1 Chemical Composition of Steels Used for Pressure Vessel Models.
Thicl i iti %
Steel hick Chemical Composition (wt.%) Note
{mm) C Si |IMa| P S |Cu| Ni|Cr|Mo|Al \
A —
AS3IB-1 A 25(17].221.36 012].006] 03] .66 _ﬁi_ 54102 25PV
B | 501 .20} .23}1.37{.009 00S| — [ .64 — |.48] — | — S0PV
AS08-2 Cl 35(.25].24] .81].015 005 — | 80|41 .62] — |.04|25PV-N
D| 75(.22].26(.78{008{013] — | .84} .41 631 — | 04 |50PV-N
Table 2 Mechanical Properties of Steels Used for Pressure Vessel Models.
Thick Tensile Test Bending| Charpy| NDT
Steel |'MiC & G | Elong. | Test Te;zst Temp. | Note
{mm) (k) (%9 mmd) | (%) |(R=180") (kgf,m(}l% (°c)
AS33B-1 25 49.4 | 632 34 Good 8.4 -25 |25PV
50 486 | 640 28 | Good 5.7 -10 |50PV
35 575 | 691 24 _— 6.5 — 125PV-N
A508-2
70 483 | 71.0 29 E— 98 — |50PV-N

B Ma-Mo-N, R EAESMIR (AR U B#), / A ATHE
NEBEEARERAED / 2 Vi, JISSFVV-2(ASTM
A508-2HH) D FER M,-M,-N, R8s+ (C Rk
D#) TH 2, 25 DILFR ST & HIEEIIEE % Table
1% Table 212R T,
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Fig. 1 Cylindrical Pressure Vessel Model:
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Table 3 Dimensions of Cylindrical Pressure Vessel Models and Test Results.
Model Shell {mm) |Notch [mm) | Test |Burst Test Note (Type of notchl]
D t 2¢ t fmmmhnﬁmﬁﬁmmﬁm P
) 03 | 26.5 l105.0 8 o 3196 see type of 50PV Model

5PV-1{1003 .5 O 11, -7 {max 371 1.9 —2c —
= =
25PV-2(1005 | 26.1 {148.5{19.5| -68 | 240 47.¢ $] '
9
2 -311004 | 26.51198.3 . - 2 .
SPV=3 19.81 =66 ) 2221 431 iype of S0PV Model
50PV-1}11000 | 50.91400.0| 30.5} —-65 | 260 26.8
S0PV-21 999 |52.6 |1280.0] 30.41 -4 3821373
S0PV-3 1002 | 52.0 |199.71 31.2 -66 170 | 17.9
ER
1950 or 2050 - KW FHGERBR i D AR & U~ % % Fig4 & Table 5
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Fig. 2 Structural Pressure Vessel Model.
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Table 4 Dimensions of -Struétural Pressure Vessel Models
with Nozzle and Test Results.

Shell (mm) {Nozzle(mm)}| Test | Burst Test
D t d tv_ [Temp )P, tkgt/cn | |0 tkgy mir)

Model

25PV-N-1{1002{ 26.6 |200.5{ 35.0 | -68 149 28.8

25PV-N-2{1001 | 26.4(200.0{ 35.0 | -35 242 47.1

25PV-N-3(1001 | 26.0|200.3|34.4 | -66 203 401

S0PV-N-111002 | 52.5]200.0| 74.5 | -60 338 339

S0PV-N-211001 | 53.2(200.5| 75.0 | -70 430 426

ﬁ b
[ W g Sec. A-A
l| lz
(A) | 02
A 4
d ta R _{N
LY
HOEL o
! (B) ? I .
Notch Detail
Model Lo la | bif ba|r | ra[Type

25PV-N-1] 540 530| 28.0| 27.5{ 75.0| 75.0{(B)
25PV-N-2| 250( 25.0| 25.0] 25.0] 78.0| 78.0{(A)
25PV-N-3| 575 550 270§ 245] 950] 70.0|(B)
S0PV-N-11118.7|119.2| 306/ 305| 75.0{ 75.0((B)
S0PV-N-2] 60.0] 59.0] 63.0] 620{100.0{ 850 (A)

Fig. 3 Detailed Dimensions for Corner Surface Crack of
Structural Pressure Vessel Model.
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Table 5 Dimensions and Test Results of
Wide Plate Specimen.
Test Piecelmm)] Notch (mm) |Test Temp| Tensite Test
Specimen t 2c [ 4 1% G (kgt/mf)
50P-1 |749.5)52.9]400.0({30.2{-62{ 33.3
2 [749.5/53.0/280.0130.0| -41 | 39.6
31749.0152.71199.7|35.2{-63| 41.3
\ ] DRI E ==Ly — h Ehpe, HIZ7La—
T WERG L, AREOHHIRE L HFROME CH D (T
7oo IR, NIEEETH 2ESMOERZCLD, 7
i Yy Y-V OFMICKESEL 5 nv k3T, F1
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T OB A B D (4, YIK & & D 200mm A7 6
500 Q\LJ_L L FTC—HREBELRLEI1E, 7LIA—NLERTAT
750 [ Ak 1 A RBOLTREEER 2T 72,

—]

Fig. 4 Wide Plate Specimen.
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Table 6 Calculated Stress Intensity Factor of Wide Plate
Specimens with Surface Notch.
K; (kgf-mm¥?)
Specimen| t/t ty/c c/b !
' SO IR I vy e
50P-1{0.571] 0.15110.534 (380.3|301.7 |533.1
210.566] 0.214 | 0.374 | 433.21324.01593.4
310.668 | 0.353{0.267 | 467.5| 32L.7 |568.4
Table 60 K,(Kobayashi)x %%, Table 6% R 2% &, 800
PIR & i L IR 20 K (Newman)D FEHMEH, K, ©: 50PV Ser
(Kobayashi)DfE & IZIZZE L K K> T3, & 600
¥t T4—7/ v FRETE SN BIR U AKE €
K DRERE M % Fig 202 EH TR 72, Fig20i © .00k °

%3 &, +40°C T Kc=521kgf-mm *?,—60°C T K=
212kgfemm¥2 & % - T> 3 Siz Kb 12 KB RER K
K LT 5 &, REYIRERBRA ORI —41°C(50
P -2)T K (Kobayashi)i30.83f%, K,(Newman, 2¢/
a=1031.138fF L 2 D, BEAMER CIWEIBS N
7z ht, —62°C(50P -1)&% ' —63°C (50P -3) T, K,
(Kobayashi) i3 1. 7945 (50P-1) & 182. 214% (50P-3), K,
(Newman, 2¢/7=1) 132.51f% (50P-1) K 1r2.68(%

(50P-3) L% D, K& B> T b,—60°C Bk,
HEA OBIERF: % R T EBREB LV o, EERD
BEREnKEsn 7YX REL0DEEDR S,
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Fig.20 Temperature Dependence of Fracture
Toughness K. and Test Results
Calculated by FEM
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Fig.27 Stress Distribution Calculated by FEM (50PV-3 and 50P-3)
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Fig.30 Relation between COD at Surface Notch Tip and Hoop Stress Ratio

Table 7 Summary of J, K, and &
Calculated by FEM Analysis.
Specimen (kng/mm> gt ()
50PV-1| 9.3 | 464 |0.188
2| 13.0 | 547 |0.257
3| 20 | 216 |0.071
S0P-1{ 20.5 | 688 |0.335
2| 18.0 | 645 | 0.312
3| 14.3 | 574 | 0.253
P IEEA L RLTE 5T, BBk R
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ERAB A D 0,1, Kobayashi & OFEE? % H
THE L7,

25PV-N-1DB& 13, / AT EREBRE #EE L
ZUNER SRV, BEEL T, flbEERRBRY
&L TREBIL, Liu 23T 70 & @42 i T, HAL
DFFIZ T —F—YIR ED D 2 BEDISIILARERDE
Hoo, 2 ANMOKAMRERET 25 5 FRD o
FEHL 7

AW TIT - - HEE AR R USSRk
WEEF—5 L LTHALAUB/IEESY L 2Kk
PRMCAO S N RBREOBERE Y, 027202 or
&, BRTERTUIRETEERVT, B)RXb 20
AOXC L VHEEL . o DR % Table 85 &
U Table 927" T, F7:, BEICHOHEEE & EEME
DL % Fig.31ic /R L 7z, Table 8D oy % & U* Fig.31
T, (MITRULASDOEIEHE MR 78 %

Table 8 Data Summary and Predicted Critical Hoop Stress.
Test Model| t Test | @ o | 0 | O Iy
1 f f
NO | A |temp)| or leacor 78, fimex)
) {°c) |to; ) |Eq{6) |Result (mm)
25PV -1 12314 ]|0445] -70 | 645 60.2|61.9 |1.028| —
2 {3.27110.747 | -68 | 643[ 47.5(47.4 (0999 | 064
3 |4.368(0.747 1 -66 | 64.1] 40.7 ]43.1 |1.060]0.57
50PV -1 18.725]/0.599| -65 | 64.5( 29.4|26.8 |0.914 [(0.42)
2 16.105]0.577] -41 | 62.4| 37.6|37.3 ]0.990|0.68
3 {4.350(0.600| -66 [(20.7)| 14.817.9 ]1.207 {(0.27)
25PV-N-1 |(6.87) -68 [(32 ) 225128.8 [1.278 [(0.23)
2 |{5.59) ~351 60 46.0147.1 [1.024 | 081
3 |(6.99)|(0.40)} -66 | 63 | 43.5(40.1 ]0.921|051
S50PV-N-1 [(9.78) -60 ] 62 35.0/33.9 |0.969 | 0.66
2 H7.14) -70 | 64 43.7|42.6 [0.974 | 0.68
Table 9 Data Summary for 4 UB Committee and Iwanaga and Predicted Critical Hoop Stress.
Mode| |Dimension ¢/ t Test | & G G |G .
t RIA T V5| Note
Code (mFSn) {mm) (fcn?p kgfr/nn%’ Eq {6 )|Result f
STSL9-1 0.50 30.6]30.1 j0.984 |Ref(3)
2 5.747(0.75 23.7123.4 10,987
3 (c=75)| 1.00 19.0{18.4 |0968
- 45
4 17031151 0.50 10 19.0|26.1 [1.374
5 11.49410.75 13.3/18.0 [1.353
6 c=150)1 4 o0 10.2 [10.4 [1.020
728D -1 0.25 46.0 [46.0 [1.000 |Ref(19)
2 2.64710.75 38.1 |40.3 |1.058
3 (=507 00 33.7 [31.5 |0935
41357 | 14.0 0.25|-60 | 474 44.4 146.0 (1.036
5 0.50 38.1 (35.8 |0.940
6 (3;3?; 0.75 31.7132.7 1.032
7 1.00 26.5125.3 0955
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