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Study on Thermal Ratchetting of a Three Bar

Specimen without Primary Stress

Kazuteru Garatani* Takuva Yamashita® Kazuyuki Tsukimori®

Mitsugu Nakamura*® and Koji Iwata *
Abstract

The thermal stress racthetting is-one of the important failure modes to be
prevented in the design of FBR components. To avoid this kind of deformation,
the Bree diagram expressed by the combination of primary and secondary stresses
has been used in the design of FBR. However, even without primary stress, there
is a possibility of ratchetting due to temperature dependence of vield stress
when large variations of temperature exist locally, The porpose of this study
is to confirm those phenomena by experiment and FEM analysis, and to prove this
mechanism by a theoretical model.

The following results were obtained.

(1) The occurance of compressive ratchetting deformation was demonstrated by a
three bar thermal ratchetting test where the temperature of the central bhar
was varied cyclically from 2¢°C to 500°C.

(2) The analysis of the three bar ratchetting test was performed by using the
nonlinear cyclic hardening mode! (Ohno medel) installed in FINAS***. It is
confirmed that the result of analysis represents the experimental racthetting
behavior well,

{3) The ratchetting strain per one cvcle : e ® of a three bar thermal ratchetting
model was derived by using the elastic-perfect plastic model in consideration
of temperature dependence of yield stress.

ef=— (¢ AT/ 2 —@a 2/’E} : the [irst cycle a)
ef=— {a AT/ 2~ (o "+a ) /E} : following cycle b)

a : thermal expansion ratio, AT : variation of temperature, E : Young's

modulas, e, ¢° :vyield stress at higher and lower temperature respectively
¥ ¥

The ratchetting occurs when the first term of right side is greater than
the second term of b) equation,
{4} The analitical solution by (3) represents well the initial ratchetting
behavior of the test. This type of ratchetting occurs due to the temperature
dependence of the vield stress of the material.

¥ Structual Engineering Section, Oarai engineering Center. PNC
£ Currently with Kawasaki Heavy Industries Co. Ltd.
%¥% General Porpose Finite Element Nonlinear Structural Analysis Systenm
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CoH A 7Yy 78Pig 3220 " TREESZ2F A 7L5X 35,
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Fig.3.2-2 Applied Temperature History of Bar- B
by F——WEEZRERLLETIL

IXETF 2y PRARBER, WMAEL—- 5 - 2FTHTUIMER L OEFEHR ST
BFEF—RN—FIKWMOT, 20BN+ r v bEBVWTWS, (Fig. 1.2-1,2
ZR) - TBEREMARICI0mO BITHALZFTEC T4/, Wm#Hld0end 7 —
N—HBLBRELREZRILEEIAONE, ChZEEFLV LT LB IRAOETIVIC
TR —BOBFEMWMUA, COBFRFTMCRHEEIANE (BERRBIC
BofMWweEEZONLH, BAA0miASmDBER I ATETNIILT S, ELE

OB I EAEISELLRE3LI8E LA, ZOEFLIEEF-SICTHEBEL 2,

¥
® 2 ®
———— & ————— ,
1 @ 3 @ 4 X

Fig.3.2-3 Structural Analysis Model (Include Tapered Part)
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ERD: ER1128. 36m?, K =80m (Al ABOF — 8% %7 AL)
EHRO : BEHI28.36m?, EX80m (BEDOF——#EeFIIk)
E2EQ® WEHEI20m:E: E3100m (Al AECEFTHEEF )
EZ@  HEH320m?, E3100m (BHEOEFHEE F L)
(52, IREERPTC T AP ETELTVEABH TRALBRLBCS 3)
- BE
ROD2 (3 EER)
CIEREH
B Lo TUx=lv=Uz=0, BIA2, 3, 4BV TUy=lz=0
c BT
©, DEFEFOBELX0C—EELL, ®, OEZFZTOHHEETCXI Y RS500T,
RIE20COH A 7 ) w Zi5Fig 2 -0 RdTBEEHE0H M2 V5L 5,
322 MBOEFILL
HERKDOMEZSUSI04TH Y, BIFCRUTO 2EEOHBEF VAR VR,
g} MWEL2BHETIL
GBEZEEELT, BRDARKOHBEKEFLELEH AP AHETLBEETILITSH
D, AL EESR ZTable 3.2-2i12R7, AKX LEEREHI] (1.5Sn, Sn:#Et
EAEE) LDEHTWS
b FEFBELEECLEREFL (KFEFL) @
FEHRELFBELEBE P LAATOIC L > CRESHABBEF VTS 5.
COEFLIBRAMEEERAMEO 2HEICLDEREELEEE, EELOTH
HEBEOWMES LVBELELEREICRETZLENTE S, BRHICEMAL HM

BHA—7R38FEXHMAICLZ, ZDEETable 3.2-3IKFR T

313 HRESUHEEFILCLIIBSHE

5F 2y NREDAA-ZXLERHAT D, BREHOBEEKEROS 2 EEL
BRI UErEEsEH LA, X0FZFHFC2VWTRHAFEIRTY, ThiTLD 1TRER
DENVHEELDVTLERAICS F oy PRRBRETEZIENTFRHTE, TOREZMITH
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KWEKDBIENTE2E, COBBEINLBZEIHI 2 LELDOSF v NOTAHER
LUTodTtH5AZoh b,

BMBECLEZ I P INBILODZF oy POT AR

B 14470
- {aldT/2~0) /E|
284 7 NERE
—{aAT/2- (o2 +0:) /E}
a : BERER. AT : 2ZRENORERE. E: ¥R
o, :BREREBOBRISH., o  REBEROBRRKRIES,

EXRBeEAT 2> (g% t 0} ) OHOSBEDVU> K THEILICEE

STIDOETFNTEH a=1.812x10"°/°C, AT=480°C, E =18000ke, mm?,
o =15.0kg/m* o° =21.0kg/m?* (1.5Sm&D) &FBEL1¥A I NELDS
Fryv POTHRBBUTOLI KB,

LA 708 :-3.52x107%, 244 Z7)IBEMEE:-2.35x10"°
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4.

I FEMEWHR

Fig. . I-1~BREFEMBIFIC B 28 A, BOIEN- 0O FAHGE, £45F 2 v
POFHEOVTHRABRLEDETRig L 1-8KF7d, ¥EWEELFELER:
TUVELEBAERIERRICNOTAL AT U ZA-THKRE, GELELICLD
W=THREARLTOWCBAREZRAL, ALV F 29 bBELRY A 2 L BROMTICR
S TRPTERHEEZRAL TV S,

L2 MRS UMEFNCLAEEEDBE

BRECIDHRESINBEIF = v PO THEFig 4. 1-8HR, FEMBIKERES
DY TRT L, HBEREPEEL2EARTVOTERT y THOBEZEBRTHA

TWwa,

.3 F =

Fig. . 1-TIREMEER LEBLEHEE L (KF=FIL) LBVWITEFTHOI DT
T O(Bih-1) 7R —WEEELLEFL (EBIF-2) ORRFEEERT. BFcF
MIZBWT, MIERETHROANMABINALLETEIEFTLTHD, BERF——Hb
FITBELBLCEBEEHFNRS - LT2b0THZ, MEREELATIF v FOTHES
By bL2bDT, FonR—-HEEETILEVA 7L IEBIB0TA2ORE, 5F =
vy POFABABRMLTVWS, LALFIgLT-8RTEICF—S—MEBER LS
PRBBRICBIC BT I EIOCOANEREI(HBLAEFLER>TV 3
EEAGNB, 1LEL, RBRBWTAR LEREE TR0 7 A UB L5 F 2 v b
OCTBOETHEESNIN, 7~ —-HWEERLAKRBEFLTHIOFS 7 LUBE
DETHBEEI NI L,

EFig 4 1-8icBHMEL2BHEF LK 2ER BH-1) LBEEcLbBEIAL
SF = v bU@’”&’&é‘bﬁ‘Cﬁ?LTb\é; WMESBHEF VL LI2BFEIBEE &L HE

LTVEDOTHERLLS—HTEN, AEELH A 7 LV BOETEHEVW—FEDOSTF = v
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FOTAHPRBLEBRERCRHELE L, R LOAHOY A 7 L TR IASHERIC
XAHBL, ¥4 7V BOBTLEIENREINZ LI, COFENGELFL
KHBEEANG, TLRMICABI LBV I IATHLRITECFNRELBDL L
2TWd, CNRETEL2BREFIBLUHBERIFETR, ETf0os0EF LTS5
—R-WEZBLTVEWIE, BRIEDELTLSSnERBE LACEICLBZEELS
N, LHLTBPOT A 7 A TREBELRARERRZRBE-RT 2L kD, BEHER
MITELOEEEZEL TWELLOD, Z05F =y FOREERANBREHOBE

EERHCHDIILERRALLDEER B,
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&

|

AHE L REHAECSS, BRENOBERFEIC LD 2 MIENOSTRENS F =
g P ARETECLERR, FEMBICLORERL, BHOAMBHEILDEORE 2
AKX LERELAEDOTH B, UTFRABOHBAEE LD,

1) RBILD | REHABCE L, BELTHCLVERSEOT F v hERNRET
B LEHWBTEL,

@ HMREeFLElTEELEMENERRCSARERARELEELARTFALERL,
A LA BEE S A LS FEMBRENS S C kb, ERTHMEA
5 F ey hERABEICHETAI LA TRA, SR 1 BEY A 7 VB0 ICRE
FTBEIF ey PREVA IV VHOETLEEDITKRERBRLLTVLEDY, ChidHEOR
ELECLBLbDEELA DN,

B BEGHOBEKEEEERL LBELBWREFLEA L, JABKRS F oo PRR
DFF ey FREANZZLERHGSE, BANTRALEIE -~ OBELRLD 2K
RERT 30H L, BRNTRBKREAVETTSLNICGERBHOH THEKIES
NS F o bARETEIENE -, SO I A Z7LBLDICRETEITF 2o b

DFH e TEEHBHCEILUTOLEE,

et =— laAT/2-0) /E} tELY AT a)

E“=—{aAT/2*(a:+ a: ) /E} Y X i e AV b)

a:ﬁ%ﬁ%ﬁ,AT:ﬁﬁﬁw@.E:?yfﬁ,a}o;:%ﬁﬂfﬁﬁmﬁﬁmh

oS F oy PRDEZGLE L EAE2HEIDAKEVWEACRET S,
{4) KR L EBARRRBROTNBEY I 7 LDSF 2w PEBREBEFALAL, ThiD,

I
CO5Fzw POREFXBREAOBRERFEICERT S I L 2R L,
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& & X |

(h M., BF, Lt @O EESTRPL2SUIAGOHBS F-v FEROEERE
BABSFEL2RXE (AH) . 55%, 512%, p985-993 (WB64) ‘
@2 KE, KK & 2R EBEZHTOSUSIHOBE L BHEBRAER BAges

2BXE (AR) , 54%, 5015, 1140-1150 (#E63)

(3)  PNC SN9410 90-108 rSUSSMEE L WHHER T T VOB ER2E6 A
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i BALHOREKEEZZERLIL
QRIENZFzv bDAA=ZX A

WEHERCRSOFLW2AOE,I LR IEREEZ 5, 2HA0KE, Fig. F-11KRT
ESRRIEES NS LN LI BHREENSASNTUE bDET 5,

P ABD—% (BA) BEE _FILEBSN (Tr = Teos) . 5 EB) BERE
BROFA I (Teora <> Trot ) EEVELEABNEbOET S (Fig f-2) o %

o, M RETL2BHESETERET 5.

temp.
o T:Tcold(—} That
@ @
Thol :'.‘
Teone : T s =const.
@ ® ®
=Tcolﬂ
time
Fig.f4-1 2%&\EF N Pig. /-2 2 KO EERE

EBOMRKIEAHR, EATHWAEBEOREO MK

Sy = Sy (T) | (0
ThHaHN, UDTOBARTRMBOLHEENLVIBE (O — @) TR

Sye = Syu = 5y { Tuwov 2 = const. {2)
e, BREATHLIARE (O = @) THE,

Sy = Syc = 8y ( Teora) = const. (3)

LGB, COEIREZTLREBETD LW,
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AHBEHBLIWH D ET EE, Ao EWLD
g F+ gz F = {4)

s,

PEILRDII>TWa,

RTHEBE (D > @) 223, 2FA0EOEIRECELIRZL I cEXR
Twahd, COBETHEBREMSN, BARSIREH:22 3, HEFEB TR, 2h¥h
DG

gan=- 0 =EaATl/2 . (6)
LB, Tl ERY VIR, o BRHMEER, Al IEBLEAOCBERTH 5,

(E:%%mu#yfﬁbﬁﬁmﬁﬁfﬁéﬁ,%$ékmﬁ§mﬁﬁmﬁmb®&f5c)
HICEEE 3L, BEBREBRIGEANEBEVAD, AL LERICEREGTICRET S,

cr = “Sym {7
CDLE, BADKBHIRB LD
Ga = 3Ssu {8)
R AEMN, BMARBREDOFENOT, BEMBATH %,
ga = Syu < §,¢ (9
fe->T., BABRRKRIEIICELKE, BBRELAAEREM R THIRLA-EBoYR

ERiIcL->THRNZNB I EICH 3 (Fig. 4-3)
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Fig. -3 E81H 17 LB0EHA -0 FABE

RIC, BBEMETLIEBEZ2EALE (@ > @) . HBEMETSE23, BA, B
HBRBABAXPZELVADERCBRIEHCET S, BREARELLEOHKER (BB
METELIICRMNBELE-RANBRETHE) ERIE, BOTENORLLLIETTHEL,
Fig. -3 obhhd&3E, COLFA7LOBETEA, BLBREROTAXBHOT
ABELTES, ELY427LB0BRFOS AR, Fig. f-305

ep1= -a AT/2 + Syu/E {1
THAIAIENDN B,

Riz, BLHA 7 IVEHOBHEELS, E1 VYA 7VBEARICEHELBE - THFL &,
ARETIHOBEARUVBOGAEVDTAOKER, FhFNFIgd CRLA@® @8 T
Kand, £70, BEAKRTIHOREEIO* LG TRIN3, BELTHEOBRIVTL %
EfEIZkD B &,

ere=cerr - {aAT - 2 (SyatSye)/B | / 2 (i)
LB,
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e, 2RIGAZF =y MORETEEGEAOBHI FENEL 544
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PDEDOERTE, BAVERKERSH, BBLERLFTEOBRVELANENSZ S
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BIENVAE, IB2ABD2REASTF vy Mid, 2A0OBOBMORBERENBRSL
ADOBEVHEILBRMTEIEEL-TELS, BREHOBEVWHEIEIKSETHD, HER
RELCEFBAPERTEILY, 3 F 29 FOTAHAREALBALLEBOTHIINL S,

PERFIRBENBOVHETHEHS, LO—BHZ I RMERAEALTVWEEBED 2 E

B>F v rOFEHE, Fig. F5KRmd—BtLic2FxZBE=FLDS3F 2y MERII L -

THAZ BN 3,

Syc * Sym

R (compression) R (tension)

l
-XHY/2=— +
2
Syn
SOE
Syec
1 > X
-1.0
SyH l SyH
SyC 2 2Syc

Fig. -5 BRECHOBEEREHELTEERLAL2AEDIF = v PEE
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Table. 1.5-1 Loading Condition

& 7 7 B B o & #
LIRS H 0 (0 ke/mn?)
L 3123 %5 AT
2iIRIEH
| 20T 500°C 480°C

CHBARER (0C) tT—F&d 5,

CBBIERLERCRT2RENOEETENLENY I I VTR B,

Table.2.1-1 Temperature Output Points

" OH E g R 14 £
TC-NO. 1 B#- & -k@ ABREPRID Z~50m &
TC-NO. 2 Bi#-dik- b {8 BE Il i

TC-NO. 3 B#- & -E@ BRI XD H A~ 50mm 7 E&
TC-NO. 4 B#- & -Tm

TC-NO. 5 B#-diR-THE

TC-NO. 6 B#%- 4 -TH

t FEOFAEEOERRIEFIg L S-S,
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Table.2.1-2 Strain Output Points

E B Bl @ i %
RIG-NO. 1 | ALS- ZEME -LE | RBAD R LD E~110m L #E
RTG-NO. 2 ALEE- o -t@m | ABREKDPRE LD E~40m B
RIG-ND.3 | AlE- thst - b

RTG-NO.4 | AlBR- R -Fi | B HRR XD 4 ~40mb B
RTG-NO.5 | AlME- & -bf | RBADREOE~L10mEE
RTG-ND. 6 | ALEE- HHIE - L&

RTG-NO.7 | A28R- Z{41R - L&

RTG-NO, 8 A2 - E - L@

RTG-NO. 9 AM- . -Li&E

RTG-NO. 10 | A2#- e -T i

RTG-NO. 11| A28~ & -k | SHMRE

RTG-NO. 12 | A28~ G#R - L& | MRS

t FEOHMEBOEEREPi L3 LSS,

Tahle.2.1-3 Displacement Output Points

IF H ey iR A= A K-
DG-NOD. | Al HMlRE
DG-NO. 2 A2 Ml RE

# FROFTAEOERIEFIg 1.3-1IC 3,
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Table.2.3-1 Averaged Peak Temperature at each Cycle
IV RERE | RESRE | MWK | REEREE | BEEE
0 20.4°C
| 25.2°C ¢ 501.7°C 11 23.4°C | 498.3°%C
2 19.9C | 519.3%C 12 20.1°C | 513.5C
3 27.7°C | 508.6%C 13 22.8°C | 509.27C
i 20.8°C | 518.6C 14 20.7°C | 506.2°C
5 21.4°C | 5il.2C 15 22.6°C | 515.8°C
6 28.7°C | 511.3¢C 16 19.4°C | 514.6%C
7 20.0°C | 527.3°C 17 20.6°C | 510.9%C
8 23.7°C | 501.8°C 18 31.3%C | 536.6C
9 29.6°C | 504.3°C 19 32.7°C { 500.8C
10 20.0°C | 499.4°7C 20 19.9°C | 492.8%C
o 23.47C 510.1°C
Table.3.2-1 List of FEM Analysis Model
% H7 No. BEEFNL BREEFIL I F
BT -1 FAH DS WA 18 5 i %
et -2 FITHO S KEFE 7L
i -3 F-A-E % E @ K¥FE 7N
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Table 3.2-2 Material Constants (Blastic Perfect Plastic Model)

oy ER : E = 1800kg/mn?

BIEEEH :a = 1.812X1077/°C

MTEAES : H = Okg/m?

R (R G
BOE MKEN|E E|BRGH| B E| BRES

20 21.0
50 21.0 250 18.6 450 15.6
100 21,0 300 17.6 500 15.0
150 21. 0 350 17.0 550 14. 6
200 19. 8 400 16. 4 600 14.1

GBRFE : °C, BefRIEH : ke/mm?)

— 25—~




Table. 3. 2-3 Material Constants for nonlinear cyclic hardening model (Chno model)

0°C 50°C 100C 150°C 200°C 250°C 300°C 350°C 400°C 450°C 500°C 550°C B60°C
E [kg/mm?} 1. 9E4 1. 97E4 1. 84E4 1. 90E4 1. 8764 1. 84E4 1. 80E4 1. 76E4 1. 72E4 1. 67E4 1. 62E4 1. 57E4 1. 52E4
v 0. 264 0. 267 0.272 0. 276 0. 280 0. 284 0. 288 0.292 0.295 0. 300 0. 302 0. 306 0.310
a [/C] 15.15E-6 | 15.B5€-6 | 16.48E-6 | 17.22E-6 | 17.85E-6 | 18 36E-6 | 18.79E-6 | 10.19B-6 | 19.57E-6 | 19.93E-6 | 20.288-6 | 20.60E-6 | 20.87E-6
# o [ke/mm?] 18. 54 18.18 16. 28 14.79 13.85 12.80 12.19 11. 77 11.48 11. 26 11.05 10. 81 10. 47
A 451 498 588 583 773 853 946 1046 1173 1351 1628 2142 3814
x5 lkg/mn?] 26.04 24.28 21.79 19.81 1827 17.07 16. 15 15. 42 14.83 14.32 13.82 13.28 12. 61
H, [kg/ma?] 285.7
H, (L} [kg/mm?] 200
m Lo Lo 1.6 Li 1.0 1.0 0. 5866 0. 4365 0, 3588 g.3072 0. 2662 0.2293 0.1927
c 0.1149 6.1311 0. 1468 0. 1463 0. 1354 0.1192 0. 07850 0.04489 0. 03185 0. 0&101 0.01485 0.01179 0.01113

05€-16 OL¥6NL ONd
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Fig.1.2-1 Configuration and Dimensions of the Test Assembly




PNC TN9410 91-350

AC200V

i OW 1
0071,
e

S0W

b — & FEEE

Heating System

] e R =]
i I
.., !
i ety |
] |
OO%H“ I .
o [
= I "
| |
_——- T T T T T e . o
B T g,
i 1
| - aaa . - e d
| i |
i L “
I N TRl =

~ - e m——— o = - —p o ]
L S |

1

A=

-

.

190

— = R e et N S e -

= N0

50

Fig.1.3-1

Y mppe

-

13|13‘

ol T T e |

L

] i ]
00T :




12¢ 234 7
f 180
20/ 70 90
1 L]
[En]
L 50 50
- !
[Tp)
o
o
=
= o
= - /
i /
: ks B sty / 2 |
[ye]
w
!
20
12¢ ~q47
180

Lhrsedg ]

izog
S

Fig.1.3-2 Water Cooling System

8¥

48

20

BHIKE <4 7
/

100

20

05€-16 OL¥6NL ONd



200
48 48
190
50 50
— o — . — . / —_——
Y
N //
N o 4
L AN [N ] 7/

™ | N, ,, | -
- Q]\ N N
N ¥ ] &
o e B#E Y F
b = s N = H
,’ N bl

’ hS

’ N
L Ve \\
40 100 40
F—N—f3) CEFTED) (F——ER)
IR PR

#HAEBBICBY 3 M — 5 —,

WE S v rw FOEE

Fig.1.3-3 Heater and Cooler Arrangeménts

0G€-16 OL¥6NL ONd



PNC TNO410 91-350

RTG ALL
() ———— STRAIN AMP
//—-\\ //““\\ T.Ch
& —— ] D.C AMP
T.C2 TEMP CONTROL T.C ) y
Py il
@
D.G ALL
@] STRAIN AMP
HES
AEZRE
_ PEN
TC2 1 BE= v ha—ufsEg REC
TC5:PEN RECHEEY
T4 —

Fig.l.4-1 Measuring System
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FhEE AR
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1
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O Ry FREER

+mT.C 7, 8, 9,10,11,12
T@ET.C 13,14,15,16,17,18
+AET.C 19,20

Fig.1.4-2 Thermal Couple Locations
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Fig.1.4-3 Strain Gauge Locations
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