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Striation Formation during Delayed Hydride Cracking
in Zr-2.5%Nb
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Abstract

These experiments were designed to characterize the reorientation of hydride at the
crack tip and the formation of striation at the fracture surface of Zr-2.5% Nb
pressure tube material. The growth of crack due to hydrides was investigated using
CT(compact tension) and CB(cantilever beam) specimens at 200C after charged with
hydrogen. Hydride platelets were precipitated at the crack tip with zigzag shape. The
length of hydride platelets was 20-30 um and eqaual to the spacing of striations. The
striations showed ridge shape of steep angle to notch direction and smooth angle to
crack advance direction. The shape was performed by blunting crack tip at the gap
between discontinuous reoriented hydride platelets through stopping crack propagation



and plastic deformation. A new approach of DHCV analysis was tried with the
experimental results of longer hydride reorientation than the size of critical hydride
platelet length.

1. A&

T QAR AFEEHE RS Zr-25%Nb FEorA, HHA AT WA
FTTFERYH FF2E FF0Y, 289 22 $HEAFTEHANA FAaA A9 (DHC) A 9]
WA gke, DHCOl 9] 3F gl g2t dol -9t o] striation®] =43t} Striation?] A3
AL dZ2ddo ] AAHEE AIAE mechanismo] THEYH, @GN FAhEE] ¢
A2 Qe ddol Aue i, A FastEo] sty ddo] dupr o] EdE
A%l ATl o)k BAow At vtk 2y ofH7MA] dEA TS FASHE oA
Tadgo] o] FoAA = dAAT o Hete] Fwd HPA L o|FA HAYS oA XSt
Ak, whEbA B Ao A= striation©] Zr-25%Nb @59 WEAH I FA3MEe] AEW
o] WEFHAAE Foto] AAAR 8l ozt AAHHS v A skt

2. Ay

stk CT A
100 mm 2H3sba, & 33me] 1/4902 A
) FAE A A <
Fig. 1(a)¢} o] ASTM E-399-830l wre} #|=}3k3th. Notch Wako] Sf=lzke] Zo] W
S
o)

o
rlo

Pl AT QWP F R ANG AZSRRUTh CB AL Notch7} radial 33

% o, Fig. 1(b)ek #Zel Zeol7F 38 m, % 4 mm, F7 3.1 m7} | =% vk i
g A7) 15ke] 400CelA 48A17F FAFAA e Bk CT AR FaEE7} 200
ppme] ¥ =% 331 CB AH2 60ppme] ¥ =% 3 AS ARSI 429§, 40
0CelA 25417 107 torre] R &atallA #2sk Agsgicl. CTAAS Hz #9

Instron 85625 AF&3ste] A AL CBAIH2 CB A8 DHCAE7IE AF&-3te] HHESE
ol oste] AAAZT. CT A creep FHlE AHEste] dAstTS H7hskalal, CB
Al CBAE DHCAE A& AH&8te stes 7M. wde A4 2 d3+= CTA
Hel 49 DCPDHE, CBAlHo|A+= AEFXE o] &3t &35ttt 300CoAA 4
MPam'?¢] %< Z7)d 7batgon, 300CoA 147 A8 3 AgLwEel 2000

|

O

E

2L E YUEAY. v stExAdA ddo] A, §8S AlASIA 300TAA 1A]7F
heat-tintA| A . FastEe] #2227 Aol dus dAvpst § swab etching T+
attack polishings -&3ste] FdAv| e A&, ddbdol A striation? 22



stereoscope®} SEMS AF-8-3F St}

3. 249 23 3 AR

Aekel A Fig. 29 #Zo] FastEo] AmMEsds & F Atk &4 dwdddadA &
go] FAEo R FastEo] AUt AoR2 dHA o, vAst A T EA T
A zigzag®@ o2 A E3%H). Notch7F YWl CTAHo A= FEol notchWakol A 7
5°%2 Zekx AFstdow, wd dddA FastES A AdAom Aozt 20 mA
Lo AL FagtEo] EAFAH R wdsidt. ddAGY FastES F Zol7t 100
m BT AA AEI Aoz Helt dubHoR $£43EL MG S| §
b S gafel] ot Fe] FAstE e AV Etog wdddd 1448
of A EFo R Aujdste] AAE = Aoz Eu dddAdd Bl FaE dAELE o
dol HW FastER AEetal, FastEe] Folxl SHIANA AA A7|7F HH Ao
AWA o] AAEE BoR Erh wbA ol gk dde] Aol oste] wHd e
EAE5H S dAsta Ao F, d el AAFEW, dEo] dAFAVE T sk
H g A dAAT Y FAastEe] AEE ATte] Fastth= Bleoltl]. o UA
A71E oA AP E = striation®] F3 FUSA B FAAATDY] HEF AL
shalal W& AlE7F 9 ol dEA
7], B& 20-30mm Xt} A AwEsta des & 7 Jon, v Ay A3E Mills
53} Jovanovics o] w33 vl dth2,3]. 238 striation®] #F-& zigzagH Bl E o] o] A
A i A EE o de #e FastEY dolet dAsta ). o] #E FadtEe] &
AHAO R zigzag FHE olF Y& 2L 7] 2ag W83 o] 42359 habit
planee] {1017}¥o]7] Wit o & AlmETH4]. #E AT Hsta de {(1017HS 85
of Ak Wy dA A kil ofgke] ZtEE JMABE, £AstEC] habit planes
net dAAr|2 MESE o ol et Xskal Bk notch WEFel] 7Rk habit
planes wet g3t Zol SHFuE aHstd EEetth. ey CB AJHA A=
{1017} o] w#ge] A WgFo e AALE 2HA] Ri JornR FastEo] FALE 27
B Ao s AQujdstr) 7t 4ot stARE A A CB Al Aeh F48tE0] A&52 o]
A i EAHEES Holye AL dd @AWl FastEo] AFEol §old grains
Aeste] M Eetr] Wit o= AtsET)

3.2 Striations

DHColl olate] A7 sedS #astd Fig. 33 Zo] #de Aahagow
o] stiations HATE Aol Aww 4F3te] striation®] A s} = 7
HAogi= v 2o oste] WA= striationd} H]SEEttl 8l Mo g R

(e
2
=
=,
o

=}

o



e tdo] EAEHEAH SR MAAdsteE BAoA wdo] WHEAES wf, #d AdolA &4
o] Adoj A blunting® o] A7)+ ridge® 343tz A H3I.

Striation®] #2+2 stereoscope, F3td V7 Y SEMOZ 7H53FA gk, AlHo| wpet hzh
o] o A57F A7l wWiiEel FolE vlEodor & Favt v #Eo] oHE AlH
g dEde] HaAgoz o] WEg M AU AHS AAAAGE & AR & F
UTE o] A& ridge’t bluntingoll ¢kl A E7] wiitel wFEe] & WEFoRE FA
AbHol UERGA Y kg WEko 2= AAE A9l glv] wiiEol] dlo] wkALE A k7] wiiE
ojth, NS wE XA Wy vk WMo R V)& olA striations #ET E3E Fig.
44 & & Atk A9 FAE radial WHOE E o AFqA LEH WFoR Y
Adgao] A, AAYEFoZ AHS AAAA sS4, Fig. 4(a)olA shai= 1A
Sk striation©] Fig, 4(b)2} ZAIET 2-elA AHA w XYooz veld Fio] striation
o] G4 2 FFEolth He w <t NE daRAEEe] AALNES] YERYA QY o]
o] grain boundary1#| slip band1#]+= W &al#] gt} Hbgj= HARA] Al & 7§ Fig

4(c)9} 7ol striations & 4 flou, AAAL gl 7lE3hth
O

CT A¥e DHC #d< vz 9oA SEMo &2 #Z&d Fig, 59 2t} 3adn 4
AF-8-8F 7 9-ol = striation©] W o] HEALZ YA YEFY] wiiol 01: AE #zho] g-o]3}
A9k SEMS AF8-8 Ao &35 YEhr] diidol] #zo]l o), wheba SEMel A

o]

o3
oé‘E
oot

Fo] #9-& AHL tiltingdtH F<elo] 8
ekl AJ#H 9] striatione Fig. 63 #Ztl N
BT} striatione] 2 Rtk o] g AW
Fol AlS o] el Al AEEe

gt A Bo| QA FstdAn| o w 7z

I

striations glst#l™ wE 7%
CT A% Fol|A notch ko]
o] fE e o] Wkl C
o] ofyr] wjito] vHe] A
A A 3971 wWiEol stiationo] SEMelA e
o]3t T} Fig. 6(a)oll Al oz FAS S sty Fig. 6(b)eF 2t} o] A2
Z 7k #A A A7 DHC band %ol A 9] stiation®] Z} bandol| A o9 A dAdwd A<l
HoFEt, o] bandE CT Alde] W3} 77k 3ol Al tunnelling &2

o] W bandEt}t vzl AHE Helth F xWd Vb band¥TEH Yol
bande|t}. 7} bandell A1 9] striation®©] A2 sddde] Fo] i A U
Atk HzFeol X bandell A stiationo] o]l A1 striation? F#sA A Ho
He & vk o] A9 striation A/ ##ste] WxE s ostd,

v HAGolA WA AdE FastEolA Fddo] dojd - il & Figo A i"é
o -Cﬂéf} bluntmgoi strlatlonol ‘g"*ﬂ , A _/,:5\_3‘;}‘30] A Hste] uketol
al 2!
7t
=

o
3
QS

2
(@)

=
oF

.%
>
B
Oltr
HU
ro
ol
ol
2% g @
Toox > oo T oo
4y N o no oo > of

i
l

O
-

0:|:‘.
R
fo lo L ogt i

T ’:_E‘roﬂfﬂ daskal Sl Flg. 2(b)°ﬂ/‘19} 2ol Ol ] 212 E] T*i}%ol
- .

=
71 & notch Ao A uj EO}X] vk plain strain condition% WHEElA] k= AlHe d
Zhkol o] FastE A shdo] dojupA] Fskrtal THgE e vk F FAaskEe] o]



A A 3L zigzag® A E M, AN GAM W Hol Y ¢ | S zHoY &
2stEe] FAVE gtde] do] & WS WA A kA, oHRE e FastEo A Fhdol
dojuyp] EAL BE A blunting®] ¥ o] striationo] AT dtol= A A 7FA] 29
striation el g S A9 F vt

33 DHC A3 £=

o] e DHCel AAd7|7e #3F o] &E[1, 5-8]o] &
Tagoz dAATe FadtEo] AujE A&t Fdto] A

o]st A W wrio] B

B9 dAlAV= AFAAANA striation 7HE S -5}

g FAdFS AAbst] AT FastEo]l A4

3t DHCVE A4t @

DHCVE ZAstd S8 sAFAd 23 DHCVHALS 44 SEATATKn °)do]

HW DHCVE w43 F7bstopzt dAstA"EY. DHCVZE w5438 F7bste 74k

Stage I, o] A3HA ¥+ 7S Stage It 3}9], Stage A= F43E =7]7F +F

dxcte] A9y A3, Stage [AlA = A FAWel EA5= Ao 71431 3|

A& A=A oY, AA Ab= Stage 1914 DHCVZE A=A W) A8 F71steE Ao

2 YeyH, Stage oA += 23|28 DHCV7} #435HA H)

2ot 2& AARVIFES FHA FastEe] ddddelA dA=ZY] AR A H

L

Az !

et AoR A ste], A3 #REE AAAY] o] FasES] MES
kA ekoktl. aEla dro] folekA e RES ddAdd A FaE] A REIE
b ste] Awstaial st o, Ayl skl 1Egh 7ol gk 1S A %A
ot oolg st o|EEL SYHHFTATIE A wet A5 9] DHCVEY o= 3%
Aol o, a8y 2 AF Ao AT o FastEe] d#EdATe MEHE
Ao RHE 7]ES o]EES BYT F Al B F dAAV e E AEE T4
shEo] Fi3] ool dojd FAES WEHAIA Kot ddAth o ol Qdrid
o] % wHol At st 2AE wFAI717] 9%k Ao gtk Y #H(flux)E 1% &
Aol & 7hsst7] wWiEolth. QAT oo s FasEdA o|F Frio] o
7] 1% 218 gofety] M= A& FastE] HEHE A E3] gpofslo]of dha,
o] % dieko] dojur] flste] gk T FYFS AT F Qlojof st} o]l vt
AE T5A1717] Slste] Bop st d3do]l dastth dA7tA e Aujdd FastEe
FEE SAHSE FodAAeE AdHua AFREHAY 7)1ES] DHCOl #38F model s H.¢s
v Ao R o]EX o EHsita 2t



5
(@}

S

(@)

5
ok
o%
i)

o]

o,
L
lo
o

~
>
)
to

N

N

)
)
=
ng
=
4 -
B~
e
o
rlo
i
s
By
X
lo
it
it
i
_O|Lt
i
)
N
N

N
f
v}

N
)

, TAsES ydo] dojy= E
ol A bluntinge] ¥tk wEbA  striation©]
ol F FAastEe HA Frto] dojdozM It

e

2

r L

—{NHN{EEE
e
do

ngtr_?l_',

> o
o X
3
o= b
—lell-ltl-'

T
o

z M
12

r
SU-)

oy

°
T

_,4
o,
>~
>,
=2

HCV e ztol= E Aol Aujd

= I
Aoz e dro] 7h5 s

&
2
1o
o

o
)
aw
9
<
10

4 mz

Ly

i

o,

fz

i

g

O

|
-
B>
e
(
1o
i)
o
N
)
jule
X
-
P>
M ot

231 55

1. Dutton R., Nuttall K., Puls, M. P. and Simpson, L. A., Mechanisms of hydrogen
induced delayed cracking in hydride forming materials, Metall. Trans., Vol. 8A, 1977,
pp. 1553-1562.

2. J. W. Mills and F. H. Huang, Engineeering Fracture Mechanics, Vol. 39, No. 2,
1991, pp. 242-257.

3. M. T. Jovanovic, G. K. Sht}, H. Seahra and R. L. Eadie, Materials Characterizatio
n, 40, 1998, pp. 15-25.

4. S. C. Kwon, Y. M. Cheong, S. S. Kim. K. N. Choo and Y. S. Kim, Trans. 15th Int.
Conf. on SMiRT, Seoul Korea, Aug. 13-20, 1999, p. X-291.

5. Dutton R., Woo C. H., Nuttall K., Simpson L. A. and Puls M. P., Hydrogen in
Metals, Paper 3C6, Pregamon Press Ltd., Oxford, 1978.

6. L. A. Simpson and M. P. Puls, Met. Trans. A, Vol. 10A, 1979, pp. 1093-1105.

7. R. L. Eadie and R. R. Smith, Can. Met. Quart., Vol. 27, No. 3, 1988, pp. 213-223.

8. M. P. Puls, Met. Trans. A, Vol. 21A, 1990, pp. 2905-2917.



(a) 4.25 $0.08 pa (b)

T /

N 102 £0.08 V
60° | 468008 i 4 a

15 2
T aes+008 T !
v

( ) LY
10.2 +0.08 38

| !
11
[———— 17 +0.08 4"

A
v

125

e 2125+017 ———P

Fig. 1 Specimens: (a) CT, (b) CB

(a) (b)

\ S 30 mm

Fig. 2 Metallographic profile showing (a) delayed hydride cracking
and (b) reoriented hydrides

Upper surface

Lower surface

Fig. 3 Striations on the fracture surface.



(a)

Striation

(b)

Fig. 4 Effect of tilting fractured surfaces : (a) Not tilted, (b) tilted clockwise

(c) tilted counterclockwise, when cracking direction is from left to right.

Fig. 5 SEM fractography of CT specimen, Arrow indicates striation.



(a)

(b)

Fig. 6 Fractography of CT specimen. Notch direction is circumferential.

(a) low magnification, (b) magnified the circle area of (a),

(c) magnified arrow marked striation of (b).
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