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Abstract: Fatigue crack propagation (FCP) behavior was studied on three kinds of zero thermal expansion (ZTE)
alloy. The specimens manufactured by three different processes, i.e., casting, forging and laser additive
manufacturing: selective laser melting (SLM), were employed. The FCP rates in casted alloy were almost
same with SS400 which was used for comparison. In SLM product, FCP rates were higher than casted
alloy and slightly higher than forged alloy especially in low AK region. The characterization of fracture
surfaces was conducted by scanning electron microscope. Through the observation, rough crack surface
was observed in casted alloy, on the other hand, small marks along the crack propagate direction were
observed in SLM specimen. In order to consid-

er the effective stress intensity factor range, the 1072 ,
crack opening load was measured to estimate
FCP behavior. In evaluation by the effective
stress intensity factor range, FCP rates of the
specimens with three kinds of manufacturing
processes were similar. From these results, it is
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concluded that the ZTE alloy, manufactured by
SLM showed enough performance in FCP ex-

|
wn

amination compared with forged alloy. The dif- 10 °F 3
ference in the results between the two products

. . . . [JZTE alloy Casted

is attributed to the difference in the fracture ! @7TE alloy Forged -

surface due to the different microstructure.
Keywords: additive manufacturing; selective laser melting;

zero thermal expansion alloy; fatigue; fatigue 10

crack propagation.
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Comparison of Fatigue Crack Propagation Behavior of Additive Manufactured Zero Thermal Expansion Alloy

with Forged and Casted Materials

Toshihiro Sumizu, Hiromasa IxuTa, Tatsuya Kato, Toshiharu TANAKA,
Nobuyuki Oyama, Mitsuki AsaHINA, Yuji Hasumi and Yuki NAKAMURA

1. #

il

WIZEFHH AT IIC 360 D RG0S 2 BRI Tl
ENBWFRE R L v —BE LI L0, GREE &
BASSHERENE (REWREE) PEREh & T3,
ZD72%, EFAETMOBETLES KEOIKT 2 A
LIRBWIRG SR S h, BUREYuD&EE2RDT
BRPHED 5N TETWBY, £7225 LEAS DR
MANDIBRHBED SN THD, WEREOEEME LI L T
XT3V, —7, RN B B RGN, [
MINT) & UC, Ulla ks [BREMT], $6E, #0s,
TUZAED [RIEIN T 12k B3I0M g RS h, Th
FTCOHETEERTE LVWBIROBEAIMERTEX S Z &
FEE LD, Tut 207V 2ALOREIZE, B
REET2HBOEEN G R RAD B Z &5,
FHEhBH381CxTn53Y, &FE3D 7Y v 2 BERIL
ENTLUER, FIFATZ 2HME ZIEICH725THD, 2D
&5 RO JIENEE ORI S ShTE T\ 5, AT
AR 2 WD EAEPETH 5 720, sl L
TOWAHIEE 527, 25 LaMBnEd+ 3 MEs 20
BREEHME LT, BAICA YT TV ANTE RV THE
MR EICHW SN A 5E, EITRHEOFHG ST EE & 5,
SR AT AV — % JEH L 729k O R E TR0 & IR T,
FoEHh, BRETHEYDT 74— L —HFAEEHEL
7RG ETE ORI, BRI, SR O ST
FERBOEIC LA MBI EINET 23 0BREENBE LI
GoTERY, LALahs, £B3D7 ) v 2 TEKREh
PR O YE Y & BER ORI £ 720 2 <7, FRCAR

B RS &%, SEEMRIORHINIX A 5 sy,

AT I T, BUEIRE O T WKEEER B
(BT, (SRS 4) OWET7 & SOERRHEZIH S 2212
L&y, b, Bl BXUREEFE L W72, #E )
HDENT K D57 & FLEEZE OB T DWW T X AP
HA&ZBELTHLMITEEEBITEREMA T,

2. KBIE

2-1 #EHMBLUHRA

PR 1213 H AR SE MR 2 4L THFE & 7o MK A
BEOEM, B, o X OREEEHNIC & > TG
SN-FEREETEM % v 72, BRSNS & 58T
&, 11400 WO YD 7 7 4 /13— L =+ (KE—=L4 2Ky b
£ #90.1 mm) &L = REEEEE (84 Y EOS #l
EOS M290) % i U 7=, (EABA IS MSEZ RS SRR T
H D, KiffiXSLM (Selective Laser Melting) 123 L 7z 10~
45 pm & U7z KB RIZKRGH, ERA 27 b~ A4 XIS
KOMERIL 7=, 72, V—HER A E LTI Kimura and
Nakamoto D J53:” & BEI2 1 Z & 12 67° [AlfiE X Tl
L7ze s, L —¥EATN%E90°§ D4 & & THIEE
T2 L 7z inconel 718 12 DWW T X ZLEBIBEENICE SRR S h
WS WERHB T,

Table 1. Chemical composition of ZTE alloy (mass%).

C Si Mn Ni Co Fe

SLM

powder 0.001 0.01 0.01 33.1 4.2

balance
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AWFFE T H O 72 RSB AR B S O =R &, Rk
% F DR DAL 5y D — il & Table 118§, 7z, JIS
72241 124¢ - Tkl U 72 S50 D J1 2710 7o WEORVREE %
Table 2% 1278 ¥ SIS 2 5 EIC T L 2 §E L 7
LDTH 5, MEEEA TR & h =Nz B L TiE,
Z DIKRK LTI I W TR D, Bl &
BLTC, KEARMREMEOEO I An AT 5T
Y, 72, TRTOREEMIH U THSHRRERIZ B0
TR BRKENT L2 6, HBSHIER & UT—i%
M FFEAE S #4 (LU SS400) O #5534 vy 72 SS400 13,
Xiik2) OFEIZE M oh T\ kD, A% THL
7 MK E AR A G & AR, BV A F5 D U O $k #4 REC,
2D DB A R OB e LB R & L 7z,
REM 2 gD & ZLEIRRHE & D2 175 Z & T,
SS400 & DRI LUl 47 > T AR E DD AN D %

Fig. 112, FMIEEICHW 283, ks & OREEE &
NAEEM (BUF, $dm, $0tik i & OREHM) Oz
FeFPHMEE TR U 22 A5 2R3, SISO BRIC I3 200 % if
%, HF iAW T v F v 72470, WM
MRBSR 21T 5 72, K& D, $REMIIET Y F 74 LR
ARON, POEFIINEDHERTE 72, £ 72, BEEE
HECEE N 0T, MG ICRoN 5 &5 IChE
FE (I M2 68583 % &, xzd K CyzIfiiid, &
JEHFNZIFNT T AL b S = L s -, £ 7-RiETm
6 7 xy NZIXRRR D E T OISR S W2, T4ab
B, MO T EMRIFVE SRR S 7z, ks, SHOBESMEE
TiE, R OMRRI 22 S O K KaIEEED & e 2 > 7z,

AR I, Fig2 (SR 99 97 & 24 AR (CT akiBk
F) #7974 X —BEMTIZ & > TER L 72, kB D) & ¢
I EEEM, #olM B K OREMIZOWTERTh, =100

R8N0 TEREEL -, mm, 11.54 mm, 6.73 mm Cd > 77, kR I3, W57
Table 2. Mechanical properties of ZTE alloy®.

’ Tensile strength 0.2% proof Elongation Reduction of Young's

rocess MPa stress A area modulus
MPa % GPa
SLM 479 323 45 82 131
Casting 372 265 28 61 121
Forging 487 334 39 75 133

Test method: JIS Z2241 proportional test piece

original gage length L, = 60 mm, diameter do = 10 mm

Building direction

Fig. 1. Microstructures of ZTE alloy in (a) casted, (b) forged and (c) SLM.
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B O E HHPAIREA MR T 2 72 0ICOFTAr -V %
il U 72, Bl bF 0 iR % F & Fig.3 12§ & 5 1SS A1
ISR ST 5,
2.2 RBAE

WE 97 X HEIE (FCP) FRIRI TR SOMER Y — A7 ik ER
(S HREER Y — R SLH — K& 100 kN) % H0
T, BRI TIT 5 720 IBJIHR =0.05, #ul Uk f=
20 Hz & U7z, & 7=, ISHERERE (K) OFFRIZIZELTO
Srawley D" % F 72,

K =PF(alW)/(tw'?)

F=((2+8)/(1-&)")(0.886+4.645 ~13.32¢”
+14.728° -5.6¢")

ZZIZ, E=alW, (a: BHEX, ¢ : IRFE, W HRIE)

< Forged direction
2-¢12.7

7S
%

Yl Detail of A

10.16
50.8
63.5

Strain gage

t=10.00 (casted), 11.54 (forged) and 6.73 (SLM)

Fig. 2. Specimen configuration.

Building direction

ZX
Nz

Fig. 3. Building direction of specimen in SLM.
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F2BRIE, AK=2.0 MPay/m, f= 20 Hz D57 it % sk H
WZEfT L, N=1000 cycle Z & 12 Z 2/ WA L 72, allR
Fifiic WX ERENRD 6N L TP ERHDOEA
L7z, PEREAR, AK % 0.1 MPaym{X T & ¥ TR
TEEAM L, TEEELASNTZS X 5IZAK=0.1 MPa
VKT &8 TR E & A L7z, B LBV = 20000
cycle CEZLEEN R O N A 572 L EDAK % ZZLERET
FRAUE AK,, & U 720 JEI7RABR I AK % 0.1 MPaym 3§ & &
THAL, ZTO®%IIMEL —E L L THRLUAMNL 72, —
EMEC (N =2000~5000 cycle) Z &2V 7)) AikEHWT
FHRXAAEL, EHRE SN da %, ZhE TOHK
LEANTERT2ZLI2kD, ZOEBHTDAKIZE TS &
SUME R S da/dN % SR 720 K 7=, BB B IR A A
RUTEFUHIGE CRISE L, Blrin & & 2R, X 512AK
EDOBIREZEGR L 7z, WICBRfaitEa 774 7 v 2
b, XABOEARD, AKX 28417\, BE5E
Mz 7z,

3. ERERBLUZEE

3.1 ZREBFM

FHXEIZ K D AR & N7z 5RBR T o & R IR ARG R &
F 6 DHEERIZ X > TH 5 172 SS400 DFER & O Mg % da/
AN-AKHIFR TR L2 D % Figdlomd., K&k, E5560
FORHZBI L T8, AK=2.0 MPay/m {3 T & S48 5 (3 ekt
L, XZLEEO TIRAAK, Vil 6 hiz, £72, Zhllk
DIBHIERFBEIRTIE, —~EDEEDEMRE A X h b
BREE R L2, 20955, $5EI12 & 2 MIKEU AR & Gk
BRAIC & BAEHIE, AKAY10 MPay/m 2L EDFEIRIZ 55T,

[JZTE alloy Casted
/ASS400

Crack growth rate da/dN mm/cycle

1 5 10 50

Stress intensity factor range AK MPam!2

Fig. 4. da/dN-AK relationships of casted ZTE alloy and SS400.
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EREMNC 5 5 A%, 2k & LT SS400 D = 245 s M 12 4
PL T3 &0z 5, TRABIIEKBEE X, SS400 23
AK,=2.0 MPayvm, $43&EH# T3, AK,=1.8 MPaym Td -
7= &5 T bAEIR I 351F 5 ParisHIl O e ¥om'™ 12D\ Tid,
SS400 6 K UG I K 2B id 2 2 him=20% KO
26&70D, SSA00DIE D /N WVEE &5 77,

WIS, BIKENERE G0, $hiEMM, #EM B L ORREM
D & ZE R AL R % da/dN-AK I FR TR L 72 & O Fig5ITR
T &b, oM EREM T, L IcHEM&kD XA
HEJE S A AK SR IC B W CE g s & 5 Z by
%, 7z, M L REM % KT 5 &, BEM0Izs 2
AK =2.0~5.0 MPayv/'m DRI T & 253 E 23 51 v A3
RTend, FIRACIIEAREAEZ, $BEM A AK,=2.0
MPav/m, f&fE@H1E, AK, =16 MPaym CTdH 57z, TDT &
76, BEME, tho Bk e ik U TN S WAK T & 24k
JBEECDZEbh b, & ZERBE RN A — & O HiH
123651 3 Paris HI DL m (D0 T, o I K ORERd #

10 '
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g
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Fig. 5. Comparison of da/dN-AK relationships in ZTE alloy.

BZhZhm=18k &k U1.6TH D, $hiitf & iz L T/
XWMlIZ 5 7,
3.2 EHPIR

HIEIZ 5 W TR S M7z 2 2R ME O E O D JFIK O —
DL LT, EHEKEOBIR (Eil) OFWAEL LIS,
Fig.6 12, BEWrATORERF 12 351F 5 AK =2.5 MPay/m LD
LRI DTN A PP TR L2 D &R T, Zh
ERB L, $hEMICI T 5 X HOMERERKE, thoslke
LTk EiILTW3Z Enbh b, 22T, £8
WEHEIZE T BB 120, B U 7=k B o ik &
AR BB TR L 72, B R % Fig 7138, %
¥, IREROBIEE KD, $REIE, tho kL i L T
MABHETH B Z Enbr b, ZhiL, Fige Ty R onh:
EEM ORI T D %, tho 2FEO NI % % 2 T
b otz iz, FRCREMIZIE, & 207 7R 1l 4
Wit RS R 6 h, ERORETHEENHS Z &2k
<, FDOMERPH X 722 L B35, EfEEOEE) 5,
SR, SOEMIT BN H OB A R L TR D,
TG DA, HERE72A TH D % ZHER T IENZH 5
TR DEZEN R ERICR o N5 Z LR Th 5. Z
o OBEERE D, 3HEHORBEMENZ, Zhth, &&
(M) THICHF A S > T B Z bbb o7z, 72, B
DOBGIZ BT MO KRIITIRED 5 s h - 7=,
3-3 ZHFEEAODER

FEA S IRIC D (1) 720§ A7 — 2k Dl
ELZOTAEMEORGREANAER, 15607 fHE—
O3 Al E RS L, ZLOFFTIZENT, ME-OT
ARSI S R o B Z e b5z, —HlE LT
WAZ B 5 AK=1.94 MPay/m TOfif i — 0§ Al %
Fig. 812§, ZORNZH &h 2, =240 %4
UffdiP, 2R LT, TOMEBELITTIEEZUIMO
LTnwhnweEZLo6n5, Z ORI EO R KA I
T ME (PP, %, WHALKEREHEIHAK D2 L &
IR L72E D% Fig9lZnd, KIZiE, SS4001C & % #5R
L L7ze ZOMA 5, WTNOMBOME 12\ T
&, BRI Oy ok & i A R U 72 BRSO I I%

Crack growth direction

\4

(b)

i, | AK =2.5MPam!?

Fig. 6. Comparison of crack paths observed on a side of specimen during FCP tests in (a) casted, (b) forged and (c) SLM.
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DU, AKH 10 MPavm &8 Z 5 &, 10% LA FiZ/k 3 Z &
bbb, ZORN 5, SS400 ML, thOMmIKERE RS
G & HE U C AK A3 10 MPaym B R OREIKIZ B W THE &
MZEAPBAOWES M EICN L TEVWEIATH E 2 L
Bbnd, ZOZLIE, ZhsDOMBTIREANHIILIC
SWZEAERKLTED, WUMEELZEML TS, O

MO BTE & iR U T EADERICENC@ A 2 &R
TIN5, TRFAPACBIZRICIE, Bk X &Fk = 2P0
DIEPIC, MWBEEAAOAE RS0 Y, S04 - 7%
BRI W72 MR O BUE kI &K B3O HD W TEET S
W B, A= ZPAINZE L Tid, Table2 & D,
MV E R 0.2% M I AMIC W S B L T, MR E

Crack growth direction

Fig. 7. SEM Micrographs of fracture surface in (a) casted, (b) forged and (c) SLM. Figures (b), (d) and (f) are high magnification

views of (a), (b) and (c) respectively.
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AKX D, Thy X AP CEEL2 52 5
AREMEA D B EEZ 6N 5, LA LAaDS, Bk fE
ORI & > Tl b, PO & I1EIEH
KEEZEZoNb, LENSTI TR, B ik x2
AN DWW TEET 3,

Fig.6 ® Fig.7 TR 5 7= 2 & (k) moW s » 3P,
P AR ARG 2 T 5, Fig9 & D ZOfEIL, #hisit, #
WA, B ONEIZRNMEIZ 2 5 T b, FroREM T,
= Z4BH 140 F A 13 AK = 3.0 MPayv/m & 72 ) 52 5 10% 2
EBxo>THED, LEN->T, Figé (e) THOENZ AR
FENZH > 25RO BEE X 2 AP N IZRE L & 5 2 h 5

=
=)
=

Crack opening range

E L ]
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&
3 ot I
2 R
g
g
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- _8 .
Casted: AK=1.94MPam'2 3
S
0 1 1 1 I 1 1 1 [ 4 1
0 0.0005 0.001
Strain at specimen back surface %
Fig. 8. Measurement of crack opening point.
80 T

L JZTE alloy Casted |
@ZTE alloy Forged
OZTE alloy SLM

60r ASS400 I

Crack opening ratio Pop/Pmax %

40r T
20r o2 T
L ‘.O.o o e
05X O
0 .
1 5 10 50

Stress intensity factor range AK MPam'”

Fig. 9. Relationships between crack opening ratio (Pop/Pmax) and
the stress intensity factor range AK.
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722 EDRB X NIz, THIE, Fig3llB W TSR TR L -
ARG O R A, BRERF O % 2 (xz 1) 1ISH W TIE X
ZOMERSGE (xTiA) 28U S vz, ik & ZL5HEA
ARZL— A E28RIZE-7-EFE 25605,

WIS, BT v 754 7 v 2 Kok 7= = 2B
PAIT %2 B & U 7B 30 IR PR B AK 2 S U, &
HEEHE & DRR % da/dN-AK HiBRIZF L 72 3 D % Fig.10
IR, ZORID 6, ALK RIEI AK % RS
5281k, BOEMR & B IZAK =2.0 MPaym fi}
BT, ThEZEELEWFigsORERLD X< —FHLTn
B3ZE0bhB, Figd kD, Haitto 2 4R R R
OROMEDENZ b2 52, ZOROMDENES
9% Z & CFig.101278d da/dN-AK i 28 —3 L T\ 5
ZEeNRTENDS, EELEREEIN 2 —E OHIPIZ B
3 ParisH| D FFm 2 DWT Y, #id s L OB IT
2, m=16ThD, LT3, £/, ghitfic ks E
Bidm=17Cah b, 2LEERS, XARMANOZEI%2E
KT 52 L TrkDthoBERIZ K3 MBORERIZED
L ZEDRDNB,SS40012ONWTEm=14TdH Y, K
IHEERNZ B 5 Z &2 5, 2050 SS400 & FfS ik
BEOMBHRE (REMEE R B BRIR fLDE NI K 5 & Zqi
FZRAET MR OENEE) ITERTZDEELD
b, ThFEFTCOMRED, MIKEWRA ST, € O5E
BT & - T 2 2L R ENE R A D, FHEMRME L
SR & 0 1% & SOEIEEE 2L o 72, F OEVIEA
fkDEOIZ & B 2 MmO MR § 2 WTREME A RIS &
N7z 72, 3D7 ) ¥V AT &K > THBEEE & h 7z BHZ B
LT3, St & ik U C 2 ZRHPHO %8 2 B L 20
B, b EPICERAlE 5720, TR EEIZES ]

107 T
O
s o |
g . o)
% 10°F i 3
3
<
&
£ 107 E
<
E;
e [JZTE alloy Casted
o 0~k @ZTE alloy Forged 4
3 OZTEalloy SLM
s /ASS400
@)
10" '
1 5 10 50

Effective stress intensity factor range AK,.; MPam'?

Fig. 10. da/dN-AK. relationships of ZTE alloy and SS400.
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DTIF%H L, FREE S N MR2 58 5 H ikl % A
THZENRKELTEALLONS, L2ALENS, 24
128, Ho 2 RBAMRKRBE S RoNT, Hulitf L o
JFEDENE DTN THBZ 5, SHIHWFEEM,
FOEM I U O EZERIERE B RS > T b Lidn i
F, RO U THRBIICRIHT 2 Z A TE BRI AR T
XETCW5, 2771, AWfRIZENT, 3D7Y Y RIZk B3
TN 51 5 FIRAIG ARG AK,, = 1.6 MPay'm &,
OBELDEVVETH > 722 813, BEIBETH A
I 7z, BREMIZOWTE, o HFRORERIZDWT
SHERR AT TETH 5,

>

o

il

P KB IR A &2 DWW TEREHM, $EM I & ORiRE# &
DIRBRFT A ER L, Zhad W TEY B4 L ¢, X
ZHEREFHOMGT A 1T - 72,

BoNZAERE DN ITRT,

(1) $538EH D = S IRF L, R & LT SS400 0 & 23k

JEREE &L Tz,
(2) B 0 & ZHERFFE I 858 O & ZHERRFE & ik
UK AK FEIRI F6 0 CREBRINC 75 - 72,
(3) Wikt & ZLERFHEIZHBEM D L D LD DI 2ITE
WA & 75 72,
EEM OIS DOKER, $EIc K 5B I E 2moM
Ak E L, RBREAE, & ZLEE NS - 28RO
BosnRohiz,
= ZUBH LI 85 O B KA B LS 3 B #A 13, MR HE, o8
WM, SREMONEIZKE < 2D, SS4001 K % R
REKNEL Ko7z,
ARSI RAR BRI AK T 2 RPN 2 Z 5 5
ZEIZ&k T, HENEREIC K 2B & Sk g —
AK BIRIZIZIER— & &> 72,

(4)

24
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H LA F B AR IS ER S & Ve B0, &
7, ARERIZ DO CHIBIERRISHE 22 220 72 fEL
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