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Understanding of Unresolved Issues related to Delayed Hydride Cracking
of Zirconium Alloys
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ABSTRACT

Though a major driving force to cause delayed hydride cracking (DHC) of zirconium alloys is recognized
as a stress gradient at between the crack tip and the bulk area away from the crack tip, it is yet to understand why
the DHC velocity is constant independent of applied stress intensity factor or why the DHC velocity differs much
with the heat-up method or the cool-down method. To understand these unresolved issues related to DHC of
zirconium alloys, this study investigated a dependence of the DHC velocity of Zr-2.5Nb on the degree of under-
cooling during an approach to 250 °C by cooling from 310 °C.  Further, the effect of the hydrogen content on the
DHC velocity of Zr-2.5Nb was systematically examined. The DHC velocity of Zr-2.5Nb alloy increased with
increasing degree of the under-cooling. By outlining the DHC velocity with a difference of the hydrogen
concentration in zirconium at the crack tip and away from the crack tip, the DHC velocity was found to
exponentially increase with TSSP;-TSSD,,°c. Supportive evidence was provided in which the DHC velocity
increases linearly with the hydrogen concentration into zirconium. The DHC velocity at 200 °C was 6 to 8 times
faster when the test temperature was approached by a cool-down method than when the test temperature was
approached by a heating-up method. This difference in the DHC velocity with the cool-down or the heat-up was
discussed on a difference in the hydrogen concentration between at the crack tip and away from the crack tip.
Thus, we reached the conclusion that a major driving force of DHC in zirconium alloys is a difference of the
hydrogen concentration between at the crack tip and away from the crack tip due to a hysteresis in the terminal
solid solubility of hydrogen.
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r-2.5Nb et ¥ke] DHC AR, Ao 23842 451 (habit plane)oll =3t
o2 weal, R (texture) =4S F3te] DHC AFAAS FHAIL + Atk A
A Stk a8y X 23F 2 DHC @747 d-ste] o] F A s
itk olE W, DHC @49 8 Fsg2 A3 Ho] 28 sto 29 Al Av|x
Aol M o] g aetar st AR [4, 5], AEske s Avld= Fet
3t DHC 3£ 52 Hol=X], e Ag2xo] =d3dtE WA = heat-up = cool-down "2
el DHC A& %7k A detAe A4 ol WEabA olsiatA Xatal k. wekA, T
ol RElgor DHC dda Arstea A&=stlAIRt [4-8], DHC &7 ofsl7} =LA H-=3}7]]
oju e Bd: wrH s DHC A4S A 4 gldioh

A F7HA p3EE Y S 23 A4S ANEFAFEEY F4218%7F heat-up = cool-down W
Ao wt g tiE Aot} [9]. oleld a4 a8 Eo] o] ¥ # H(hysteresis)S cool-down Al A=
FE A W F2o n8&EE AAG], A2ay T Y FaAEEE 429 Terminal Solid
Solubility for Precipitation (TSSP)oll 3@ 3ah= 2335} siool g3t olu, Q1g-5H ShellA
o] AT FHeAe Hxstd FasErt gA FA s st a5 (Terminal solid
solubility for dissolution)= v} HA FAistEo] AEHrt. weli DHC X2 & Awlshs 574 QA
A GH opd A M FhFeolH, wEpA 1EH FAhEEY AdiFkd wel DHC =
gt Aoz Algdn. olgd HES AFHor Ty fste], B AFelA = 310 °C ol
A2 EEeeZ WAL wf, Jfzte] JE 0 - 40 °Coll W3pA[Z1 5 o]zlo] Zr-2.5Nb
wollAe] DHC Hkol mAl= G AT, of&d], 4] W& Zr-25Nb ¢+ ¢ DHC
S5 ZARSHGITH

]

oo N

o3
Tl
_GL
Kl

o
rr
e

o

2 o TL

A
o

§

<
b
[y
4
b

2l

(
—

AP

2. Ay

DHC A2 19 19 e ule} o] 60 ppm 9] 45 #H7FA1Z] compact tension (CT)A]A
S AFE3ke] 250 °C oA FaAE o, AAS Ax= KAERI AzabA [10]9] WYERTE AP %
¢l 250 °C el =3at7] 9FA 310 °CollA 1 AIZF FAAIA F47F ¢bd A8 HES 3 & A%
B} o WGe 22 UEQurt g A2k =it =, under cooling AES 18 2 o
WERd vkel o] 0-40°C 2 WSHAIXL § DHC £:&5 A5t ob&e, F4a%d nE WHits
ZAM8E7) 9], 40 FEE 12-45ppm BEE WA A 182°91 4 DHC A ¥ Fa a3t

Fig. 1. Schematic illustration of curved compact tension (CCT) specimens.
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Fig. 2. Control of under-cooling at a cool-down from 310 to 250 °C in DHC tests.
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3.1. Undercooling A %ol w& zr-2.5Nb ¢2#¢ DHC £ %

9 32 under-cooling o] W& DHC %% HolFt}l.  Under-cooling =7} AAGT=

DHC £:v ZAasgith. olAd #dZ 29 A7]d W& DHC £k:9 W3tsE Ho ¥Es] o

el7] YstedE olE FAh FEY TR YedE Aol Jé sttt 1% 4 = heat-up ¥ cool-
[e)

down A]¢] Z}7}e] 49 &S E HojFErh webA] 310 °C oA 240 °C 2 10 °C #}¥ztstd,
A9 R3xE= 17 49 TSSP w}am 240 °C of| A 2] iA £3]%=+= 57.8 ppm o] =&} &
H, g7t AEE BT 7}26}04 Al e 25%7F 250 °C ol Eﬂo}fﬂ Aol mdaty e g4

Y s TSSD o o3t A=, 31.2 ppm ojty. webM AU FaFEE FEISPIHE
wgFolglon BEstE Av izt Aro wulgEo BAS Bt = 3zt ewv =
w7} At Faswe] F¥SHE (TSSP at T - TSSD at 250 °C) =
DHC £%=5 uetdid, 29 5] yEbal npel o], DHC 4% TSSP ,-TSSD 4500 A5 EF
o8 F7tait)
719l ATA = Puls 7F g whel o] 1 St AT obd Ao &
ko] DHC £%=5 At Zlo] ofve}, of Al A Hddkel A dejdolxl 253} =2 kel A
o] Fh¥E &% Aol7F DHC £25 Awjdths AS HoFes Aol webA, H7ke
a0 FE7F A&l 8] TSSD Btk AARE TSSP KWt} 23 Ao Fagfo] A
TSSD ©]/e] Z¥ake] H| Eﬂﬂé}m} DHC &k wWebd Aow oy, 1§ 5+ 182°ColAM ¢l o
g FREE(TSSD)OINOR FhsEE *%M & W] DHCV & ReojFErh odd vid=, 99
FAaEE (TSSD)olde] Fawie wel DHC £k7t S7hstden, 49 F=7F vk 20 ppm
o]4o]™ DHC &t f{i} Fefol] =aabqlch, :La 4o wh=w, 182°C o] A TSSP-TSSD 9] #}ol=
16 ppm o2& 01%@9. 16 ppm oS FAFREIE AW DHC SHRms EapdE o meofst
ANk, AA 54 A= 20 ppm A= ol Holof ¥5tH = Ao yerwth ey FAFY S
Aol @25 el DHC &%= TSSP-TSSD ol oJajx AR = Aow ARAS = gt
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Fig. 3. DHC velocity as a function of the degree of undercooling from 250 °C
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Fig. 4. A Plot showing a dependence of DHCV on TSSP+-TSSD,¢°c
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Fig. 5. Dependence of DHCYV at 182 °C on the concentration of hydrogen exceeding TSSD
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200 °C & §7}3}+= cool-down W2l 02 DHC £E=E5 A3 1.2x108 mis 2 = A YEFA] g
ol 4] 200 °C & ®}= H3Fe heat-up WA 2 DHCEEE 543 1.6-2.1x10° m/s = o ¢
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Fig. 6. Dependence of DHC velocity of Zr-2.5Nb pressure tube at 200 °C on the heat-up and cool-down methods.
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Cool-down H2lo g AHLwo Ldstd adAdto|d ofdy 7lo] BE X 23%F 7| A A
18E FarErs a8 49 bl vie} o] TSSPE ZAFHTE A% ¢ 250 °Col] =3k
T JASHE std A I AT He] doj X HA A FHFu AEA A
a1, 53] A Ao sty fri%Et AFstso =z Qlete] 43S AEA7IHA HY

TAaEER] TSSD 2 #astt), Aok AT A FasErt HPAFEQ] TSSD = vhyH, A3
oA Wy "Wolxl A HeA e FhEEE ofdd] st TSSPolnz, AHHAdz dejdozl
2174 | A] TSSP-TSSD ¢l oﬂﬂo}% ? FTE Zpol7h EASHA Hrt w}aw FaEE 2ol 2 st
of FAXAGo g mEA F4a7 Bats] 7 A A ofF wEA FAastEo] AAEAE A
o] dA-SHAY] o= ﬂm, F2stEo] AAMA DHC ZAAA o] dojuA Hu g,
heat-up WAl o2 AFwo] ZdstA HWH, X237 7|AF 18&H FhsEs 1% 49 YE
W wke} o] TSSD o Eﬂo}ﬂl At A2 =gd & A4S HE viete] A Ady g
Ak obd A - A e FHFHZE EAetE, BE Aol HY FhEie oju EEsiglrdl,
cool-down 2] ¢f] A UrEM npol 2o QS H o Q13 FHATA Y FAFE] WalE gt

ol

=, olwl= &es] SH el o ﬂa’** oo FAEhyke] %ZH;}D}. ey SE Tl
ot At g =gmg, a9 6o yehd nkel o] heat-up WA S ® DHC AldS 3T
Agoll ¥ DHC £%5 5 p_ow Zo|t}.

oleldt 7o) BHEAdE EOV” ASAE7} vt2 19 4501 UERA vke} 2 FAEEd
wWE DHC %Xx9] W3lo]t}. =, cool-down HAe 4] DHC &k -39 sloa @Aty
ol A Ho| A o] TSSP-TSSD =L7]¢] ¢late] AAH =7, Ti%FJ} SR ko WZEA] TSSP X
o} Z—ﬂ% S e E we e O wE Saxn 2jol7l Zold DHC £E7F 7HAEE Ao
ot a2y, FAaEE7F TSSP ol o= 27}510ac, AN A LLEE G0 R TSSP o] <
slo] ATH B R 490 Fho] WE DHC £%9 & 93 YA et [11].
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Fig. 7. DHC velocity of Zr-2.5Nb pressure tube with the slight dependence of the cooling rate.
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1) Zr-2.5Nb & 39 DHC $%i=, 310 °C oA 250 °C & WA Z wj 250 °C oA iz} 2%
A71el] wet gasiglon, o]AS ASdwa A obd XK A 9] TSSPr-TSSDysc ©
G2 e 43, DHC $Et Fa%E Aol AFgsden F/dnks e 43¢

D
sote] Agor HolFd

2) Cool-down #2] ol A 2] A3k 200 °C o] 1 ¢] DHC 4% cool-down #2]ell A 243 DHC 4%
of wlste] 6-8 ) A vERRtom, o] A4S DHC O F T5He ﬂwwh)r A ol A
He] "ol AGeA Fame] 2bo], Z TSSP-TSSD o] 2t AS HolFt)

3) ¥ AT A= Au7A olsfetA Xekld DHC #E o7 éﬂ_*&a A3 FHAATFATE

el 2
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