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DELAYED FAILURE HYDROGEN EMBRITTLEMENT
OF ZIRCONIUM

ABSTRACT

The purpose of this investigation is to determine the 
extent to which sirconium exhibits delayed failure (static fatigue) as caused 
by a combination of absorbed hydrogen and applied s tre ss . Both notched and 
unnotched specimens of unalloyed sirconium and Zircaloy-2 are being initial­
ly hydrogenated to 200 ppm by means of a modified Sieverts apparatus, and 
delayed failure studies are proceeding at room -tem perature. Thus far, only 
preliminary data on unnotched, unalloyed sirconium are  available: at the 
200 ppm hydrogen level, this m aterial appears to be relatively insensitive 
to delayed failure at room-temperature.
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DELAYED FAILURE HYDROGEN EMBRITTLEMENT
OF ZIRCONIUM

I. INTRODUCTION

This is  ths f irs t Q uarte rly  Report, covering the  period 
Septem ber 15 to D ecem ber 14, 1961, on C ontract No. AT(1 i- l) -5 7 8 , P ro ject 
A greem ent No. 14. This investigation is  being conducted under the auspices 
of the  USAEC/AECL Collaborative P ro g ram .

It was recognized se v e ra l  years  ago that sircon ium  absorbs 
hydrogen during c o rro s io n  in superheated w ater and steam . Shortly  after this, 
the  lose of im pact p ro p e rtie s  after exposure to h igh -tem pera tu re  water or 
s te am  was attributed to  the  p resence of sircon ium  hydride as a g ra in  boundary 
a n d /o r  m atrix  p la te le t p h a se .. In recen t y e a rs , a considerable num ber of 
investigations have been pursued for the pu rpose  of increasing  knowledge of 
th is  phenomenon as well as finding m eans of elim inating th is se rio u s  em ­
b rittlem en t problem . In these  investigations, the im pact te e t was, very  logi­
cally , alm ost exclusively  employed as a  m ethod of evaluation; such an ap­
proach, however, has re su lte d  in  an a lm ost com plete neglect of perhaps an 
equally  or m ore im portan t m anifestation of hydrogen occlusion--nam ely , the 
delayed failure phenomenon. Thus, the purpose  of the p resen t investigation 
is  to  determ ine the ex ten t to  which zirconium  exhibits delayed fa ilu re  (static  
fatigue) ar. caused by a  combination of ab so rbed  hydrogen and applied s tre s s .

T hat the  long-tim e m echanical p roperties of sirconium  
a re  im portant design considerations cannot be disputed when one considers 
that c e rta in  in -co re  re a c to r  components, such as  p ressu re  tubes and s tru c tu r­
a l e lem ents, should have a se rv ice  lifetim e of up to 20 y e a rs . Im pact tes ts  
a r e  not able to p red ic t long-tim e m echanical behavior. M oreover, cu rren t 
th e o rie s  for hydrogen em brittlem ent do not p reclude the poss ib ility  of static 
fatigue occurring  in  zirconium . While th is  phenomenon is  u su a lly  associated 
with h igh-strength  s te e ls  and other body-cen tered  cubic m eta ls , delayed 
fa ilu re  has been observed  for titanium  alloys and even face-cen te red  cubic
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a lloys. One does not know, s  p rio ri, that sircon ium  does not exhibit delayed 
fa ilu re . In fact, consider In f the amount of c o rro s io n  hydrogen pickup during 
re a c to r  se rv ice  and the p o ss ib ility  of subsequent localised  concentration  due 
to m ig ra tio n  in therm al and m echanical e tre ss  g rad ie n ts --a s  well a s  the 
u tilisa tio n  of higher streng th  a lloys--one m ight anticipate  some suscep tib ility  
to dslayed  failure.

U. MATERIALS, APPARATUS, AND PROCEDURES

Delayed fa ilu re  studies s r e  being c a rried  out In itia lly  on 
notched and unnotched specim ens of unalloyed slrcon ium  and Z ircaloy*2; the 
sta tic  fatigue specim ens contain  approxim ately 200 ppm hydrogen, introduced 
by m eans of a  modified S ieverte  apparatus, and in itia l evaluation of delayed 
fa ilu re  suscep tib ility  ie c a r r ie d  out at ro om -tem pera tu re .

The above m ateria ls  a re  In the form  of 1/16 x 1 Inch fully 
annealed s trip ; the ingot an a ly sis  of these m a te r ia ls  ie p resen ted  in  Table 1. 
F or the wrought, fully annealed  m ateria ls , the h a rd n ess  and g ra in  e ls e  of 
unalloyed slrconium  a r s  175 VHN and 324 g ra in /m m *; for Z ircaloy-2 , 197 VHN 
and 1650 g raina/m m ^. The m icroe truc tu res of th ese  m ateria ls a re  shown in 
F igu res 1 and 2. Both notched and unnotched specim ens a re  m achined from  
a s-re c e iv e d  s tr ip  to dim ensions shown in F igu re  3 and F igure 4, respec tive ly . 
The notch radius of 0. 004 inch is  ra ther easily obtained by conventional grind­
ing; how ever, this dim ension ie fu rther reduced to about 0. 001 Inch by slightly 
dep ress in g  a 44* knife edge in to  the base of the notch. (Subsequent annealing 
causes rec ry s ta llisa tio n  a t th is  region without ex cessiv e  grain c o a rse n in g .)
All notched specim ens, th e re fo re , have a  0.001 inch radius at the base; 
u tilis in g  the  specim en widths and the above rad ius, a  theore tical s t r e s s - 
concen tra tion  of 10 is  calcu lated . Specim ens a re  pickled in a so lu tion  of 
45HNO3-5H F-50H 2O, rin se d  in  ethyl alcohol, and then  placed in the S ieverts 
appara tu s for hydrogen charg ing . (For notched specim ens, pickling is  c a rried  
out p r io r  to reduction of the notch radius. A fter specim en cleaning, lin t-free  
gloves a re  requ ired  in handling so  as to p revent su rface  contam ination which 
m ight a d v erse ly  affect the S iev erts  hydriding o p e ra tio n .)

F igure 5 is  a schem atic rep resen ta tio n  of a m odified 
S ieverte  apparatus; without en tering  into a  deta iled  descrip tion  of th is  unit,
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TABLEl

SUPPLIER’S ANALYSIS OF ZIRCONIUM 
AND ZIRCALOY-2 INGOTS

---------------------- '

EU m tnt h m m  K  i Zirconium Zircoloy-2

So <  10 1.52 w/o
Fo 395 0.10  w /o
Cr 87 0.09  w /o
Ni to 0.06  w /o
C 60 135
N 18 25
O 798 • •

H 3.5 13

Al <  25 38
B <  0 .2 < 0 . 2
Cd <  0 . 3 < 0 . 3
Co <  5 <  5
Cu <  25 <  20
Hf •  • 57
Mg <  io A o

Mn <  10 15
Mo . <  10 A o •

<  5 15

I S1 69 45
Ti

oNV

<  20
U - - 1.3
V <  5 <  20
W <  25 <  40
Zn <  50 •  •
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Neg. No. 22355 Mag. X250
Fig. 1

Micro structure o£ unalloyed xirconlum 
vacuum annealed at 800* C for 1 hour*
• lowly cooled. Hydrogen content i t  
approximately 15 ppm.
Etchant: lHF-IHNOj-3 glycerin

% a-v i
*  v

Neg. No. 22354 Mag. X250
Fig. 2

M icrostructure of Zircaloy-2 vacuum 
annealed at 800* C for 1 hour, elowly 
cooled. Hydrogen content ia approxi­
mately 10 ppm.
Etchant: lHF-IHNOj-3 glycerin
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FIG. 5 - SCHEMATIC DIAGRAM OF SIEVERTS APPARATUS
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it  essen tia lly  a llow s—by m eans of various m anom eters, vacuum lines, and 
a  calib ra ted  gas b u re tte --fo r m easu ring  out, isolating, and introducing a  
quantity of hydrogen to  give the d e s ire d  com position in  a  specim en of a  given 
weight. Thus fa r , all specim ens have been charged with 200 ppm hydrogen; 
a t th is level, p a s t experience has shown that an accu racy  of about 10 per cen t 
is  obtained. A t higher hydrogen contents, the accu racy  grea tly  im proves.
In hydrogen charging, the specim en is f i r s t  vacuum (approxim ately 0. 02 
m icron) annealed for one hour a t 800* C within the rea c tio n  vessel; m ain­
taining th is  tem pera tu re , the p rede term ined  amount of hydrogen is  introduced 
to the specim en, and the reaction  is  com pleted within two m inutes. The 
specim en is  he ld  a t 800* C for 30 m inutes and then slow ly cooled. Static 
fatigue evaluation is c a rried  on le v e r -a rm  c re e p /s tre s s - ru p tu re  stands, and 
dynamic ten s ile  te s ts  a re  perfo rm ed  on a 10, 000 pound capacity Instron 
tensile  m achine.

III. RESULTS AND DISCUSSION

To check the content and d istribu tion  of hydrogen in  delayed 
failure specim ens, S ieverts hydriditig experim ents w ere  perform ed on two 
5-inch s tr ip s  of unalloyed zirconium ; 200 ppm was the intended hydrogen 
content, and the tem pera tu re  was constant at 800* C + 2*C over the specim en 
length. The re s u lts  of vacuum fusion  analysis on specim ens from  end to 
center to end w ere  as follows (in ppm):

209 205
218 203
205 185

Both the hydrogen level and d istribu tion  appear sa tis fac to ry  and within the 
accuracy of the experim ental m ethod. M oreover, considering  the inherent 
sca tter of data in vacuum -fusion analysis , the techniques employed for hydro 
genating appear satisfactory .

F igures 6 and 7 a re  photom icrographs of hydrided z i r ­
conium and Z irca loy -2  containing about 200 ppm hydrogen. The hydride 
phase is  predom inantly  concentrated in  the grain boundaries; however, som e 
sm all hydride acicu lae  are observed within the g ra in s--p ro b ab ly  form ed by 
precip ita tion  along a specific crysta llog raph ic  plane.

A I M O U I  I I S I A B C H  F O U N D A T I O N  OF  I L L I N O I S  I N S T I T U T t  OF  T I C H N O L O O V
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Neg. No. 22352 M ag. X500
Fig. 6

M ic ro s tru c tu re  of unalloyed z irco n i­
um  containing about 200 ppm  hydrogen. 
The' z ircon ium  hydride phase is  heavi­
ly concen tra ted  in the g ra in  bounda­
r ie s .
E tchant: lH F-lH N O ^-3 g lycerin .

Neg. No. 22353 Mag. X500
Fig. 7

M ic ro s tru c tu re  of Z irca loy -2  con­
taining about 200 ppm hydrogen. The 
z ircon ium  hydride p rec ip ita te  is  con­
cen tra ted  in the grain  boundaries.
E tchant: iH F-lH N O ^-3 g lycerin .
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To ren d e r delayed failure investigations m ore meaningful 
and to allow  judicious u se  of hydrogenated specim ens, dynamic ̂ tensile .tests 
(0. 05 inch /m inu te  c ro ssh ead  speed) were c a r r ie d  out on unalloyed jfircpn ium  
and Z irca lo y -2 . Specim ens w ere  both notched and unnotched as w ell a s  in  the 
a s -re c e iv e d  and hydrogenated condition; the re s u lts  of these te s ts  a re  sum m a­
r is e d  in  Table II. Com paring the ultim ate ten s ile  strength  of the two m a te r i­
a ls , it is  ra th e r  su rp rising  to note a  higher va lue  fo r unalloyed sircon ium . 
P e rh ap s  the Z ircaloy-2 has a  v e ry  low oxygen content as com pared to  the 
800 ppm in  unalloyed sircon ium ; vacuum fusion analy sis  for oxygen is  p re ­
sen tly  being c a rried  out. F o r unnotched specim ens, th e re  is  only a  sligh t 
change in  ten s ile  strength with addition of 200 ppm hydrogen; the to ta l elonga­
tion, how ever, is  significantly  decreased , as would be expected from  the 
m ic ro s tru c tu ra l appearance. Notice that the in troduction  of a  notch in  a s -  
rece ived  m a te ria l re su lts  in  an  in creased  u ltim ate  ten sile  strength; th is  
behavior is  due to constra in t of the  surrounding m a te r ia l  from  yielding and 
ind icates that the alloy is not notch sensitive a t a  loading ra te  of 0.05 
inch /m inu te . When hydrogen is  introduced to th is  specim en, however, the 
tensile  streng th  then slightly  d ec rea se s  which ind ica tes a  sm all tendency 
tow ard notch sensitivity .

The delayed fa ilu re  investigation  has been in itia ted  a t 
ro o m -tem p era tu re  on notched and unnotched specim ens of unalloyed s i r j  
conium containing 200 ppm hydrogen; a  rum m ary  of applied s tre s se s  and 
fa ilu re  tim e , thus far, is  given in Table III. F o r unnotched specim ens, the 
fa ilu re  t im e s  w ere ra th e r  sh o r t  a t high s tre s s  leve ls ; however,the m ode of 
frac tu re  was by creep . It ap p ea rs  that no fu rther frac tu re s  will be observed  
within the 1000-hour te s t  period; these  data suggest that unnotched specim ens 
of unalloyed zirconium  a t room  tem pera tu re  with a  hydrogen content of 200 ppm 
p resen t a s  a  hydride p rec ip ita te  a re  not suscep tib le  to  sta tic  fatigue. F o r 
notched specim ens, the tim e of frac tu re  occu rrence  a t the applied s t r e s s e s  
shown in  Table 111 indicates p e rh ap s  a  slightly g re a te r  tendency for delayed 
fa ilu re; how ever, the sho rt evaluation tim e does not allow a m eaningful 
conclusion. *
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TABLE II

DYNAMIC TENSILE PROPERTIES 
OF UNALLOYED ZIRCONIUM AND ZIRCALOY-2

Condition

U ltim ate
T ensile

Strength,
p - j '______

Yield
S tress ,

(0. 2%' of fast)

Total
Elongation,

Z irconium *

Unnotched, A e-R eceived 51,000 19, 200 32.5
Unnotched, 200 ppm 51,400 21, 200 27.3
Notched, A e-R eceived 55, 100 28, 700 (6. 7)*
Notched, 200 ppm 51, 900 28, 700 (4. 2)*

Z ircaloy-2

Unnotched, A e-R eceived 45, 300 32, 000 41.5
Unnotched, 200 ppm 47, 100 31,800 34.5
Notched, A s-R eceived 64, 200 44, 300 (10.9)*
Notched, 200 ppm 62, 200 41,800 (6. 2)*

♦ Value taken from  load-extension curve; deform ation was ccnfired, 
however, to  the a re a  around the b a se  of the notch.
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TABLE 111

DELAYED FAILURE INVESTIGATION O F UNALLOYED ZIRCONIUM 
CONTAINING 200 PPM  HYDROGEN

Applied S tre ss , 
psi

Tim e to F a ilu re , 
hr

43. 500
Unnotched Specim ens

6 .0
41. 500 49.3
39, 500 129.6
36, 000

e
•  m

30, 000 •  •

27, 000 - -
25,000 —
20, 000 --
18,000 --

%

Notched Specim ens
47. 900 0.066
44, 200 22.3
40,400

**
«• •

37. 200 - -

31.900 - -
26, 600

* No failure; tim e of te s t  is  about 900 hours. 
** No failure; tim e of te s t  is  about 180 hours.
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IV. FUTURE WORK

Evaluation of unalloyed zirconium with 220 ppm hydrogen
will continue to the arbitrarily chosen maximum failure time of 1000 hours. 
Hydrogenating of Zircaloy-2 specimens to tho 200 ppm level is proceeding, 
and static fatigue investigations will be initiated during the next report period. 
As yet* no word has been received on the availability of Zr-2. SNb; this higher 
strength alloy might exhibit a  m ore pronounced tendency for delayed failure. 
Static fatigue evaluation of tirconium  and Zircaloy-2 is being considered at 
higher hydrogen levels.

V. CONCLUSIONS

determining the degree of susceptibility of sirconium and sirconium alloys 
to delayed failure as caused by hydrogen occlusion and applied stress. Only 
preliminary and relatively short-tim e data are available; it appears* however* 
that unalloyed sirconium containing approximately 200 ppm hydrogen--and in 
the absence of s tress  concentrations--is relatively insensitive to delayed 
failure at room temperature.
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