KARI

S5V = Mo Mes

GA2A 947 A9 BE FARE 9240 A3 vlw

Comparisons of Life Prediction Method of Copper Alloy of

Regenerative Cooling Chamber for Thrust Chamber
Keum-Oh Lee*, Chul-Sung Ryu**, Hwan-Seok Choi***

Abstract

A study about the fatigue life of copper alloy which is used in inner jacket of
regenerative cooling chamber of liquid rocket engine has been performed. Mechanical
properties of the material and fatigue life have been taken from tensile tests and
low-cycle fatigue tests at room temperature and several elevated temperatures. Original
universal slopes method, modified universal slopes method, Mitchell’s method, Baumel
and Seeger's method, and Ong's method have been used for predicting the fatigue
data. It was found that the novel life prediction method should be developed for the
copper alloys since almost all data have not been predicted well with the widely used
methods.

x =

A ZA A&7 ARYZL AW g AMgHE FHREY 7t FEES ]
A H2 FRel o A7E FAAT A5 VAH)] SAH 2 FHE 4
sto] Q1 AR B AAle]lE HZ AlFo] A B oA FREIUT FEE oS8t
A gutd oz wol AMREHE F71E7H, 4 712714, Mitchelld %H, Baumel
7} Seeger®] "W, Ong®] WHE] AHEENSH, A BE H]O]EV} AAl gl A EE
HHER 3o & =2 ot FEFFS AT M2 FHAS Mdsfor & BeAs

7191= : AAYZ W (regenerative cooling chamber), 2] 35 (copper alloy), 2 43
(fatigue life), 1-(elevated temperature)

1. I 2 £ of =9 ZeM cooling chamber)= FZZ TS FYP3i=
ZH I AT E% 4%% Fote FHETLRE
HAZA A&7 A EZA v (regenerative olFeld stk o] F A Adel sle Wil

4920104 12 8Y), £4LAA : 20104 49 2%, 23 : 20109 62 224, AA L : 20104 102 1)
* A47|” /kol@karirekr  ** AA7|® /csryu@karirekr  *** 124:7] © /hschoi@kari.re kr

90 - S=EE?FTH



KARI

AHZ oiAT| MYHZ S TelEie] TR oS4 Blm

(inner jacket)®] AEZ AHEHE FEFES A HHES T 45891, A2 Hlustdt
SR w2 2= oo BE 454, 94

A gt whe g 55 B 3a, A4 A 2. 71&9| o2 Y ofF =™

o] A&FAFE wEEEe d7AH Fd =&

HA 2o webA AR dAde IH Ao AFHHL &M FLd iz g2
7] AEAE dadel WEET DA S oo g2 gge B4 9 & Aok a9y vz
FAME B (fracture) = A eFotok BkB], ©lE ae mo we Aziy w@e g7 WE
A NAH B= S5 2 £ G52 79 %

Bt FQ38. 7] 9% e AmESo] 9lolghth. Manson[l]
daA 7AF e 495

9 a2 AFAFES B3 A7 7

EAQAE FH3Ia, o]Fo o] Ho|Eue

= Muralidharan® Manson[2]2 ©|& $A 3%} 4
FEM& AH&8te] AAl F2E9 HAGHES #
o]

A F7]€ 7] (modified universal slope method)

xd
2oau X rlo

st Ao dutzoz wo] AlSE = WY . S Aorstd Tt Mitchelle 7ol 2HS uho)
ge d7dEe dudor 3¢ 9074 € o wwow Aekegnf], Bamels) Secger
T TEEE AASAR, 227t 348 37 © a9 g 2% (uniform material law)o] 23 3
3]"‘5 TERES ]HJE---OJ g%fg’—gi ?JSHH %l?‘;—q = Ho]’tﬂ% 7H1§_;]—»3],93\1;]_[4]. Ong[S]% /H] 7]_;] %O]
A agwdel had 4 ourel §l7] Wil B gene wey 4w dmme 27 27127
=4 24 99 sk f43ka o2 e (original universal slopes method), 12|31 Mit
&2 AAZF ol Tl Ak A, chelle] e A2 ¥, AN 127 4
£, A APl FRHZ BAL Al £ g auye 27) 37127100 2% A9E
FHdetE oS WEste AN WRel 8 =g g wAsAg. o= =3 Onge 4%
& e Aol AaNFE WHEF WM g g4 apwe Aorsidg.
A e, HEHom AAd F 2e I Park@} Song[6]= JSME data book, Materials
A EAY stk wepA B HRL wbE Data for Cyclic Loading, SAE data S °llA] 2700
Az AP At doixe d2de A2 T g9 goly H(point) & Fat] B@E %, A
=g CFdE A= A Fasita & F 8 g2 9 9ge 7, 926y 2 Hey @2
o dadel A2 FES A AANE D o mg sye) g Azl BhE A=dg
=X A2 AP S W AR ASH A om 2 271274, Seegerst Ongel WL
2 F9E doloh Aot o)Hd AZ HOIHE  gegug ze 59 932 nelFAdy d9
Baed dadsl AgH de AW AF R T g oons A4 £ FEAH Y FL
B Tbe NS A5 Tl A%ES Bol FUon WEAAT. 22w o
A, dw ARe AP Al ME AL 2 gy e £9 Bhife estimation) 3%
- o A dHHoz HFS FPst=H 7} 22 gttt
B ol Aotk getd sz st o Manson®] AJAI$F F7]-&7]H (Universal slopes
= A%E AF AP AAPHE AL TR aoq1je 24 (plasti) T 84 elastic line)
FUE dE 7 dEel Adtsel St 2o gen 12w 3173} (universalized) o %
ArME dad Wi A8HE TARTE  po gad gas Agsdon, die 14
BE S AF NG B A2 AU R g gega 489 golgor Ad W
Pao] WoElE HS3W, AF NP AR qgqe) 9o o] 4o Thod ot
2 A4S 5T F e 7S AAE B

Korea Aerospace Research Institute + 91



KARI

S5V = Mo Mes

-0.12 0.6 77 —0.6
N,

As=Ag, + Az, =3.5%N, +o,

A7 Ae, Ae,, LB Ae,v A7
(total), B4 (elastic), 22/d(plastic) HBEo|T}. 1
A3 NyE AR Y Aol E Foltt

A 93 & op, 97 A% op, 2L 3T QL
J(fracture ductility) e, oItk X 23 $ o,=
AAY F@8& FoAA 7] wEell, Manson
< % 2 7HEE AAs AT

K

o,=0,(+¢&;) @)

a8y o] e w12 Alo]E9 £ W
HelME & FHdl ¢ S(overconservative estimation)
S 3 He Ao ok 7] FUIeVEE 3
3led, %o Muralidharan® Manson[2]& HE E-
T8 BAE o3 2ol @A

o 0.832
Ae = 1.17(;] N,

-0.53
0.155( Op ~0.56
+0.0266¢ , (E] N, )
o] WHE x7] Wyl waiA BAH A4 A
of ste] o W& F7EIE ATIY ou/F
g2 a2 g AFEA AFA AANEAE
d, ARS AAAEE 2E AL A W2

of oA el M F=e
Fa 3l
log-log 7ol &4 HAE-FHE8A (plastic line)
of giFEe Azl A et
2 A" = 7Hgolt. 19
-7 FA(elastic line)d] A=
o

of AXsHA Ha AE

g2 nol

92 - s YT

Ae/29t HE o) (reversals)®] 2N, E th&7 2
o] yehd & ik

2 2 2

Ag _ AEC, Agp _ U; b ' ¢

A7) A o, IR EA T (fatigue strength
coefficient)©]iL, b= I 2 7 & A & (fatigue
strength exponent)o] th. ¢,'= HAZAYAF
(fatigue ductility coefficient)o|™, c= = A2
Mitchell2 500

(fatigue ductility exponent)©]t}.
£ Z(steel)oll thalA,

BHN o]s}e] 4%E 7142 9)

Oy 20, =0,+345 (MPa) (5

b log(o"’/. / E)— log(o, /2E)
© log(10°)—log(10°%)
2
_ _ék,g(af] _ _ébg{zmwm}

Op Op

’

6‘/:

13

PR (G (1
! 100 — RA (7)

il AAIEEH o, o7]dX RAE GHFFE
(percentage reduction in area)©|T}.
a5 Foll 244 (plastic line)S 5
= taldl HX(hardness)®t o] HZ 4
(transition fatigue life) 2NV, @A Wi
7HA FAskE As Adsidd. 2
Folgw dHelee dAY F88 Aol of
o, webAd tREe AR AHEEHE
cQl ¢=—0.69 I¥HA FHE AREst=
He s 93t &Ad 4 (plastic line)d] 7
A AgE,

Aoz He tewt pol tehtu,

As _As, Ag,

2 2 2
1. [2(c,+345)

——lo;
_(o, 2345)(21\/,) fo

t o [x

o

&7

} +&,(2N )7 8)



KARI

AHZ oiAT| MYHZ S TelEie] TR oS4 Blm

Baumel 2} Seeger°ﬂ oA A
HA4lS 215257H $39 g2 &
EdZ Tzt o] ¥He F71e7I¥M sy
o] FREA <¢HE F Ao o2 uE M
= (unalloyed)®} A= (low-alloy) 7 (steel)ell Tt
st dFrER Eletws duol talM 4z
OE 71&71E A
o] e ol e WHEF Hlaudy
g9 NG} (tensile strength)THo] HE
oA dSet=d Basites Aol
Aol @ FHEIY = o
J q—eﬂm 32 fatigue
W =4 F7

A

°
=
=-

o},

ks

ottt of.
i
i
rlo

&
o MU b

LN
N fo
¥

2

o

]

i

X

lo, 2
rlo
el
N
N
B
ol
it
il
o

o gl

MUz o TLoo S ox Ly 1%
N

o] u
(deviation)& 7 Iy :
of WA= Hi}ﬂﬂr Ads el el

g Eebe gl dald = kA o
150l AHSE

MY % AP

©

-

ol thafA:

Ae B Age N Aé‘p
2 2 2

o _ _
:1.50?(2N,) M 0.59p (2N, ) (9)

o 7]l A,

98 <0.003,y =1

E =Y. 4

98 50,003,y =1.375-125.02%

E E
dFuF EHeb el deiAs,

Ae Aeg, Ae,
- = +
2 2 2

(e _ _
:1.67?3(2N‘,.) " +0.352N ) (10)

o2 A
7ol sl A= elastic # plastic lines9] slope
°] -0.087% -05824 4 F71&71%W9 -0.099

0569 HEF "W Btk 2y EFVE
% BebE deel M e 06924 vl 7hut
2o g9 F18 A3 dsiMe &7
v Helgde S AHEst] oS8l

o] %] Ong[5]2 MEw 4 43 ddHS A
AlStAaL, o] A& 7] 44 AW (original four-
point correlation)s 7HA% AoAth. eyt A
e A A" ElolHES AAl dHolErt
old, ASM Metals Handbookol A Al&H A=
=9 Yz 545 FAA AdE gEold

Original 4% A#HE FFA717] AiA o]
WS 43S oA vl Zlolt Wi E-% @

AA e a3 2ol Folxt

Ag Aé‘e P _ G_' b c
DTt T AN N gy
o} 710l A

p=iog 01622 |- 1od &
6T E 8
e Mo 0.00737 - Ag. /2 “togle,)
40T 2om By

AS: _ U/ 10%{log{o.l()[%jom}log[%}

Copper - Room Temperature
RT1

1 —Rm /

2004

Stress(MPa)

0 5 10 15 2‘0 2‘5 3‘0 35 40
Strain(%)
a2 olE A" ZT

Korea Aerospace Research Institute + 93



KARI

ST I= Mo Mes
140
1204 Copper - 400°C
——400_1

100 ——400.2

80+

60

Stress(MPa)

404

T

o
o
IS

i o
5]
N

& 2.400C °._|7‘F Al 2ot

TEFFY e AZAEH 400TC 9 500C <

a2 A9 AFAFY Ades 19 1-374A
Bt glom, diFo] Al&ar] A7tA tga 2
< A5 B Y- FE F4(true stress-true
strain curve). 2 Q1 FHE& FAsIAT
80-  Copper-500°C
——500_1
——500_2
60
©
o
S «
[7]
6
D 20
04
0 2 2 6 B T
Strain(%)
2 3.500C 2z Alg Zaf
350 Copper - Tensile Test
—RT
304 ——400°C
500°C
250+
08) 150
(7) 100
504
0

Strain(%)

O3 4 250 me olE=M

=
El

94 - BI=eEPFoUY

o710l A Set ek A7t ¥ 8- ¥ (engineering

stress), %%tﬂség(engineering strain)o] ™, o<}

e 247 2184, AP Eolth

a9 29 :La 39 AME SY-HIEE F
Aol ¢kt dyle AEL FFTY & gl%ﬂ],
AL o] L&A WA= FAHAWMIAR
(Dynamic strain aging)ell o3} A== Alglo]Ad
(Serrated yielding) 0.2 A Zt=H, T4 W A&
of s Azt FH4stH A&l FotAl=
AL A,

O 4 7 2= g 1 F4d9 Aol:
oy gtk a"elA £&7h mopds4E <
e, 8 A, 2 e BT gaste 2
}E HoFa 9t

E 1 oon BMoR oe F2 ME AL
Temp | Specimen | %u | EL E Ty
(C) | Name | pay| (%) |(GPa)| (MPa)

RT1 329 | 381 | 114 | 374
20

RT2 334 | 386 | 115 | 36.8

400_1 125 | 994 | 102 | 30.1
400

400_2 127 | 104 | 102 | 325

500_1 805 | 9.8 99 28
500

500_2 80.9 | 8.09 99 29.9

# 12 IR FHew 79 F2 AR AFE
et o glow, &4 et wf¢ gol gl
F*(elastic modulus, E)E TF3}7] ol T3k
400T 9} 500C T-7Holl = AAbelS H= AJge

2 A& 5 e A HA o]F3H(hysteresis loop)

o] AldH(unloading) =419 7|72 ¥ ©A
A BAAE AHESHA T



KARI

3.2. MAO[E mWE MY Zdxt

T FF9 400T 9 500C 2 oA AAte]
2 92 ANF Ay 474 29 59 69 YEhY
Atk = o Al dHeol"HY VT BAE %71
Wil BEg volge 42 olfou, B
& AFAE] AFEEal Y= Coffin-Manson-
Basquin®] RS ARE-3te] A}(correlation) 3
As aHEH 9 59 o] FAL F Utk
Jg=ze] FegE BH 400CHT 500Ce] 2=
o EojF A=V ¢ FL AES € F o,
ol 400Ce ANF F MY #He AP
Ae, = 3% 9 AP FHol & AF Ao H
A AYRA 7] Q] Aoz Az 18
5= 400Ts} 500ColA ] vz FHE vl F2

AH2A ol47| A MG T2IED

d

1

ZAolth A AF3 400T Y Ae, = 3% A9 &
Hs ]94*}31L SOOCA FHo] 400Te] FHET
Ad Wi @A vehgoh wo g8 agze
127 H?SHHt o B2 AE 237 Zasit
= Total Strain Range
o Plastic Strain Range
Elastic Strain Range
9
g ]
[0) N
2} At400°C .
c
¢ \\
E L]
Y
4]
0.1 T T T T
10 100 1000 10000
Cvcles to Failure
@ = Total Strain Range
o Plastic Strain Range
o Elastic Strain Range
>
g
[N
2
4
£
Y
)
s
o
0.1 T T T

10 100 1000 10000

Cycles to Failure

b)

T2 5 MAPIZ =2 AI”F 21 (a) 40T, (b 50T

lO

| Z=E o|E4 Hln

4
35 Total Strain Range
3 Copper Alloy
3 25 = at400°C
N e at500°C
Ey 2
% 154
8
c "
£
n
Il
|9 054
T T T
10 100 1000 10000
Cycles to Failure
% 6 2EY XAOIE TZE Y JM vl

&8t X Aol 2

o
o &

33. o1& AlY HolHE
2 A dolge

A F8 FFe Ade FE A A
AEE Fold, MuEs FAFF dEA
v 92 NS FP F g, E3 129

TEHEY Y2 AP Age

ol
tilo
2
A\
ﬁL

e 9=, Hels g tEiA
01 FPEon, +4 "71571
Ong-°4 Wgoll thaf A o

= A%4E 7Wﬂ—mﬂ4 E1
gz %EHO]#«] —?EEH AFE-ERE Ni 7]
Hko] %23+3F2¢] Inconel 718, MAR-M-247, Rene 959
iz H= F9 935 aﬂi A3} Mitchell
o] WHo] =& AFS B =
T AAJT FE Faol El13H/‘1+, B
°] AHEte 27 FUIE7IHY 3
H, Mitchell®] %%, Baumel?} Seeger®
Ong®] WHE *}%0}04 T d5Fs ¢
7 28 7119 YER o

a8 7119 Arlo|E 97 41 o]
o] B Ha dFsta o, £ FUIE7Y
7 Ongel W2 Fd dFsta Art. i
o] dloJEl7} o Fe] HA &e olfre A9 HE
o] 4 Tl YgallA AR 2o]7] FoE AR

Korea Aerospace Research Institute + 95



K/I\R|

S5V = Mo Mes

o 2 Ax7t o
ek ole @ A

NZL FHAS FANF &

e

100000 — -
Original Universal Slope
. Copper Alloy
S
& 100004
[ o
0 o]
&’ 1000
o
3 °,
3 P
o RISV
’ O 400°C
3X Scatter o 500°C
10 - T T T
10 100 1000 10000 100000

Experimental Reversals (2N,)

a8 7. £7] F7]87|¢ g o|8% FelEIel
EEC R

100000 . -
Modified Universal Slope
. Copper Alloy o
>
S 10000
” o
© .
5 .
Qo o .
3 1 @ E
g 100 L0 . 3X Scatter
8
5
-03 100
o
O 400°C
) © 500°C
10 < T T T
10 100 1000 10000 100000

Experimental Reversals (2N,)

a8 8 4% F7|87|¢e o83 Palnae
gz 5% of 5

100000
Mitchell's Method

Py Copper Alloy
Z 100004
S @ 400C
2 © 500°C P =
% 1000 4 3XScatter
o .
o)
[v4 ol 8
B 1004 7
38 6"
3 2
o 104 -

1 ey T T T

1 10 100 1000 10000 100000

Experimental Reversals (2N,)

32 9. Mitchell2| &S 0| &3 2
T o

]

=2 H=z

¥ ot

96 - ST

100000

Seeger's Method
. Copper Alloy
—
S 004 o 400C ,
o o 500°C s
8 ic)
o o]
&> 10004
a
©
B
k3] . =
B ] @b \
fon .
" 3X Scatter
10 T T T
10 100 1000 10000 100000

Experimental Reversals (2N)
32! 10. Seegere| WS o|8s FE|EF L=E

Il

g o=
4.4 =

47 el Agae FHRRY B Q
4 ARe B9 F% 240 1o Az AF &
Yo BAs mgor, 94 AW 5@ 9z
59 52 E AFAEY 2dS F5e o
zagith 7Y FFe ALANE Adgol u)
$ 27 dego nedME B4 Wy AR
o 9% 5oz dAste] Muoldel Yeua @
Agol 2 Fom dojd A%E et )
2 A9 A% $4e FA4 7AERY 9z &
W E4e 4 & dgden, N2 sz 59 o
= AgeAe Fe g9 A2 A9 a5
ATl & RA gob FAFEL AT A2e &
WAL pgaor & Bage was Hh

100000

Ong's Method
. Copper Alloy es
Z»— .
N o004 T 400°C
L] o 500°C
© e}
>
Q ] .
e o o""
S B
5 100 4
o
3X Scatter
10 -
10 100 1000 10000 100000

Experimental Reversals (2N,)

a8 11, Ongel WY S o83t Felggel =
>3 ofF



KARI

L _______________________________________________________________________|
AHZ oiAT| MYHZ S TelEie] TR oS4 Blm

212 4

1. Manson, S. S., "Fatigue - a Complex Subject,"
Experimental Mechanics, Vol. 5, No. 7, 1965,
pp- 193-226.

2. Muralidharan, U. and Manson, S.S., "A
modified universal slopes equation for estimation
of fatigue characteristic of metals", J. Eng.
Mater. Technol., 1988, Vol 110, pp. 55-58.

3. Mitchell, M. R., "Fatigue and Microstructures,"
American Society for Metals, Metals Pack,
OH, 1979, p. 385-437.

4. Baumel, A. Jr and Seeger, T., "Materials Dat
a for Cyclic Loading, Supplement 1," Elsevie
r Science Publishers, Amsterdam, 1990..

5. Ong, J. H, "An improvd technique for the
prediction of axial fatigue life from tensile data",
Int. . Fatigue, Vol. 15, 1993, pp. 213-219.

6. Park, JH, Song, ].H, "Detailed evaluation of
methods for estimation of fatigue properties",
Int. J. Fatigue, 17(5), 1995, pp. 365-373.

Korea Aerospace Research Institute + 97



