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Docket Ito . 50-320 

(10 C.F.R. 2.206) 

fir. lla rv 1 n Le'l-ti s 
6504 Rradford Terrace 
Philadelphia. Pennsylvania 19149 

Dear !lr. Lewis: 

February 17, 1984 

This fs fn response to your letter of September 13. 1983, requesting that 
the :me postpone the lifting of the reactor pressure vessel helld. On 
October 19, 1903, you were fnfonncd that your letter would be treated as 
a request for action pursuant to 10 C.F.n. 2.206 of the c~~ission•s regula­
tions. Your rCQuest was based on your concern regarding the potential 
existence of pyrophorfc natcrials within the reactor pressure vessel which 
could result fn a pyrophoric reaction during the lifting of the reactor 
pressure vessel head. Your request was supported by a letter dated 
ilovcnbcr 1, 1933, frm Professor Earl Gulbransen of the University of 
Pittsburgh to the Secretary of the C~ission. 

For the reasons set forth in the enclosed •ofrector•s Decision under 
10 C.F.R. 2.205,• 00-04-4. your request fs denied. A copy of the decision 
will be referred to the Secretary for the C~ission•s review in accordance 
with 10 C.F.R. 2.206(c). 

Encl osurcs: 
1. Ofrcctor•s Decision 
2. Federal R~istcr llotfce 

cc 11/Encls: Or. E4rl Gulbransen 
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Sincerely. 

Oc"~~ll7 
lt.ltl~ 

~ 

liarold R. Denton, Director 
Office of tluclcar Reactor Regulation 

.~ ................................................. , .. _ 
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In the Hatter of 

UNITED STATES OF AMERICA 
NUCLEAR REGULATORY COMMISSION 

OFFICE OF NUCLEAR REACTOR REGULATION 
Harold R. Denton, Director 

) 

DD-84-4 

GENERAL PUSLIC UTILITIES NUCLEAR 
CORPORATION 

~ Docket No. 50-320 

(Three Mile Island Nuclear Station, 
Unit 2) 

) 
) 
) (10 C.F.R. 2.206) 

DIRECTOR'S DECISION UNDER 10 C.F .R. 2.206 

By letter dated September 13, 1903 to the Secretary of the Commission, 

Mr. Harvin Lewis requested that the Commission postpone the lifting of the 

reactor pressur~ vessel head at Three Mile Island Nuclear Station, Unit 2 

(TMI-2). Hr. Lewis' letter was supported by a letter dated November 1, 1983, 

fran Professor Earl Gulbransen of the University of Pittsburgh to the 

Secretary of the Commission. Attached to Professor Gulbransen's letter was 

a paper on the effects of oxygen, nitrogen and hydrogen on the ~chanfcal 

properties of zirconium. Mr. Lewis' letter and the supporting letter from 

Professor Gulbransen were referred to the Office of Nuclear Reactor Regulation 

for treatment as a petition pursuant to 10 C.F.R. 2.206 of the Commission's 

regulations. 

I have reviewed the info nnation contained in Mr. Lewis' petition, the infor­

mation in Professo.- Gulbransen's letter of November 1, 1983, and other 

infonnation pertinent to the issues raised by the petition. For the reasons 

stated in this decision, Mr. Lewis ' request is denied. 
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Petitioner•s Assertion and-Request 

Mr. Lewis contends that pyrophoric materials1 may well exist within the 

reactor pressure vessel (RPV) and that the quantity of these materials 

is unknown. As a cor.sequence, Hr. Lewis believes that the lifting of the 

RPV head is a "dangerous maneuver .. which could result in a pyrophoric event. 

Mr. lewis bases the likely existence of pyrophoric materials within the RPV on 

the conditions which existed within the vessel during the n~I accident. 

Mr . Lewis contends those conditions were favorable for the formation of pyro­

phorfc zirconium or zirconium hydride, which can react violently when exposed 

to air. Consequently, Mr. Lewis requests that the RPV head lift be postponed 

pending a 11public review" of the pyrophoricity issue. Hr. Lewis• contentions are 

supported by Profes~or Gulbransen, who also asserts that finely divided zirconium 

or zirconium hydride ~ay well have been formed during the accident. Given the 

potential pyrophoricity of these materials, Professor Gulbransen warns that these 

materials must be kept under water pending. further characterization of their 

pyrophoric nature. He urges that the greatest caution be exercised before 

proceeding with the RPV head lift. 

Staff Review of the Pyrophoricity Issue 

By letters dated May 25, May 26, and July 20, 1983, General Public Utili­

ties Nuclear Corporation, the Trti Unit 2 licensee, forwarded to the NRC 

1Pyrophoric materials are those which are capable of igniting 
spontaneously fn air. 



. \ 

-3-

safety evaluation reports to support the planned reactor vessel Underhead Char­

acterization Study. 2 This study was conducted during the months of August 

through October 1983 to gather data for the RPV head lift and involved a number 

of different activities. These activities included the lowering of the water 

in the reactor vessel to a level approximately one foot below the top of 

the plenum,~ Figure 1, the measurement of the radiation fields under-

neath the RPV head, the measurement of the radiation fields around the RPV 

head and service structure, the visual inspection under the RPV head with a 

TV camera, the measurement of the topography of the core cavity with an 

ultrasonic device, and the removal of six samples from the core debris 

bed. Inasmuch as these activities, specifically the lowering of the water 

level in the reactor vessel, involved the uncovering of equipment {the 

plenum cover) which was previously covered with water, it was necessary 

to address in advance the issue of exposing potentially pyrophoric material 

to air. Accordingly, the issue of pyrophoricity was addressed by the 

licensee as part of its Underhead Characterization Study. Thereafter, the 

hazard posed by pyrophoric materials in the THI-2 reactor vessel was 

extens ively evaluated by the NRC staff in its review and approval of the 

2see Letter from B. K. Kanga to L. H. Barrett, 4410-83-L-0098, Underhead 
~acterization Study (May 25, 1983); Letter from B. K. Kanga to 
L. H. Barrett, 4410-83-L-0100, Underhead Characterization SER, Core 
Topography Addendum (May 26, 1983); Letter from B. K. Kanga to 
L. H. Barrett, 4410-83-L-0133, Underhead Characterization SER, Core 
Sampling Addendum (July 20, 1983). 

1 
J 
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Underhead Characterization Study.3 The staff was particularly concerned with 

the potential for pyrophoric reactions of materials on the plenum cover and of 

samples removed from the core debris bed. The staff detennined in its safety 

evaluation that: 

(1) the presence of steam~., an oxidizing agent) and the temperature 

conditions during the accident would make it unlikely that significant 

quantities of zirconium hydride in a pyrophoric condition were produced 

during the accident, 

(2) the primar_v system flow dynamics during t.he THI-2 accident would not 

likely have transported large quantities of pyrophoric material, if 

fonned, to the top of the plenum, and 

(3) any pyrophoric materials in finely divided form would be dispersed 

and mixed with inert materials of core debris which would prevent the 

development of pyrophoric conditions. 

Following the staff's approval, the Underhead Characterization Study was 

conducted by the licensee. As described below, all of the visual observations 

of the reactor vessel underhcad conditions and laboratory analyses of the 

chemical and pyro?hor ic properties of samples obtained from conponents within 

the reactor vessel and from solid~ filtered from the reactor coo1ant support 

the conclusions reached by the staff in its safety evaluation report. 

3oetails concerning the staff's review are found in the following letters: 
Letter from L. H. Barrett to B. K. Kanga, NRC/THI-83-043, Reactor Vessel 
Underhead Characterization Safety Evaluation (July 13, 1983); Letter from 
L. H. Barrett to B. K. Kanga, NRC/THI-83-053, Response to Core Debris 
Safety Evaluation Report (SER) (August 19, 1983). 

I 

.j 
I 

! 
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The activities undertaken during underhead characterization to address 

pyrophoricity concerns were as follows. As a precaution prior to the lowering 

of the water level below the top of the plenum, the licensee conducted a closed 

circuit television underwater inspection of portions of the plenum cover and 

observed that only an insignificant layer of material, approxi~ately 1 millimeter 

in depth, was present on some of the plenurn surfaces inspected. This observation 

verified the staff's conclusion that it was not likely that significant quantities 

of materials had been transported to the top of the plenum during the accident. 

Following the visual inspection, the licensee obtained two samples of the material 

from the plenum surface and the samples were te: ted for pyrophorfcfty by various 

attempts to initiate a pyrophoric reaction. The tests included a spark test 
I • 

(i.e . , an attempt to ig~ft~ the material with an electrically generated spark) 

and a flame test (i.e., an attempt to ignite thn material with a propane torch 

with approximate flame temperature· of 2300° F)'. The spark test is perhaps the 

most reliable test for establishing the pyrophoric characteristics of a material 

in question as it provides an initiator (i.e., the spark) for a reaction, if one 

can occur. The flame test is an extreme test that would show whether the material 

in question has any tendency to ignite at all or whether the material is completely 

inert. 

For comparison with the tests on the plenum samples, the spark and flame 

tests ·tl'e re perfonned with some "cold" (i.e., commercially available 

nonradioactive elements and compounds) materials in powdered fonn, includ­

ing iron, zirconiun, and zircon ium oxide. The particle size for the iron 

and zirconium powders was 62 microns or less and the particle size for the 

zirconiun oxide was 125 microns or less . The cold tests demonstrated that 
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the zirconium powder would ignite for both the spark and flame test; however, 

the material did not ignite spontaneously in the laboratory at atmospheric . 

pressure and ambient temperature (i.e., approximately 70° F). The powdered 

iron and zirconium oxide failed to ignite in either the spark or flame tests. 

The spark and flame tests on the samples removed from the plenum also failed 

to ignite the material, indicating the presence of little, if any, pyrophoric 

materi ~ l and the absence of any pyrophoric characteristics. In fact, the 

plenum samples showed no more tendency to ignite than. the "cold" iron and 

zirconium oxide samples. Both the •cold• laboratory tests and the t~sts on 

the plenum samples were videotaped by the licensee and the videotapes were 

reviewed by the NRC staff. 

In addition to the pyrophoricity tests described above, the licensee 

performed chemical analyses of solids filtered from the reactor coolant 

system and of the thin films scraped from the surfaces of the control rod 

drive mechanism (CROH) leadscrews removed from the reactor vessel head. 

See Figure 1. These analyses indicated the absence of zirconium metal and 

hydride particles. Based on the visual examinations, analyses and tests 

which indicate the probable absence of pyrophoric materials on the plenum 

cover, the NRC approved the lowering of the RPV water level to approxi­

~ately one foot below the plenum surface, which enabled the licensee to 

proceed with the underhead characterization effort. The water was lowered 

to this level to simulate the radiological conditions that will exist for 
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the RPV head lift. As a result, the plenum cover has been exposed to air since 

August 20, 1983, without any adverse impact. This condition has been visually 

confirmed by closed circuit television inspection conducted subsequent to the 

lowering of the water level. Additionally, the six samples which were removed 

from the core debris bed have been exposed to air for several months with no 

indication of pyrophoric reactions. 

The information resulting from the visual observation of the plenum and the 

analyses and tests on materials removed from within the RPV indicates that: 

(1). little material is present on the plenum surface, (2) the material on 

the plentr.l surface is not pyrophoric, (3) material filtered fr001 the reactor 

coolant system during the accident lacks any pyrophoric content, (4) material 

scraped from CRDH leadscrews lacks any pyrophoric content, and {5) samples of 

material removed from the damaged core have not shown any tendency to undergo 

a pyrophoric reaction. Accordingly, the staff concludes that there is little 

potential for a pyrophoric event with the plenum cover exposed to air. The 

information provided by Mr. Lewis and Professor Gulbransen is of a general 

nature concerning pyrophoricity and the dangers that phenomenon poses for the 

head lift. The staff does not disagree with the petitioner that pyrophoric 

conditions could have developed in the RPV following the TMI accident. For 

that reason; prior to the receipt of the petition, the. staff considered the 

issue of pyrophoricity as it relates to the licensee's proposed Underhead 

Characterization Study. Based upon the staff's reviews and the experience to 

date as described above, there does not appear to be an undue risk to public 

health and safety from the possible formation of pyrophoric materials in the 

pressure vessel . 
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With regard to Mr. Lewis' and Professor Gulbransen's cautions about proceed­

ing with the RPV head lift on the basis of pyrophoricity concerns, it should 

be noted that the water level in the reactor vessel is presently at one foot 

below the plenum cover. This level is precisely that planned for the RPV 

head lift. No further lowering of the water level is contemplated for the 

RPV head lift. Thus, no further safety review of pyrophoric issues as 

related to the head lift is warranted. Moreover this issue has been addressed 

by actual experience along with evaluations, analyses, tests, and activities 

performed in connection with the Underhead Characterization Study. 

lnas~ch as potential pyrophoric conditions have been given appropriate 

consideration and do not pose a significant hazard to the head lift, I 

have determined that no adequate basis exists for postponing the planned 

lift of the reactor vessel head or initiating proceedings to review the 

issue of pyrophoricity. Consequently, the petitioner's request is denied. 

A copy of this decision wll be filed with the Secretary for the Commission's 

review in accordance with 10 C.F.R. 2.206(c) of the Commission's regulations. 

Dated at Bethesda, Maryland, 
this /7~day of February 1984. 

/#? dl~ 
Harold R. Denton, Director 
Office of Nuclear Reactor Regulation 
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NUCLEAR REGULATORY C(MHSSION 

[Docket No. 50-320] 

[7590=-01] 

GENERAL PUBLIC UTILITIES NUCLEAR CORPORATION 

(Three Mile Island Nuclear Station, Unit 2) 

Issuance of Oirector•s Decision Under 10 C.F.R. 2.206 

Notice is hereby given that the Director, Office of Nuclear Reactor 

Regulation, has issued a decision concerning a petition dated 

September 19, 1983, submitted by Harvin Lewis . The petition had requested 

that the Commisiion postpone the lifting of the reactor pressure vessel head . 

The petitioner based his request on the potential existence of pyrophoric 

materials within the reactor pressure vessel which could result in a 

pyrophoric reaction during the lifting of the reactor pressure vessel 

head. The Director, Office of Nuclear Reactor Regulation, has determined 

to deny the petitioner•s request. 

The reasons for this decision are explained in the "Director•s Decision 

under 10 C.F.R. 2.206• (DD-84-4) which is available for public inspection in 

the Commission•s Public Document Room, 1717 H Street, N.U., Washington, D.C., 

and in the local Public Document Room for the lMI facility, located in the 

Government Publications Section of the State Library of Pennsylvania, 

8402290477 840217 
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Education Building, Commonwealth and Walnut Streets, Harrisburg, PA 17126. 

A copy of this decision will be filed with the Secretary for the Comrnission•s 

rev iew in accordance with 10 C.F.R. 2.206(c). 

Dated at Bethesda, Maryland, this /1!Jday of February 1984. 

FOR THE NUCLEAR REGULATORY COMMISSION , 
/ ·' / ": / rr·~,~~/;,; &.;_,-.__ 

Harold R. Denton, Director 
Office of Nuclear Reactor Regulation 

.. 
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.~- . ; 
~ecretary of the c~nmission 
lEliRC 
hashingt~n, J.C. 20555 

!lear i-:t' Secreta..""ty : _ . . 
?lease c~nsider the foll~wing letter as a petition to stop any head.lif ~t..~q:; ~e: ·~;: 
Tim12 react~r. ~everal parts of the Rules and Regulation of the NRC ano: ·sev~,tral:­
sections of the Ato~ic Energy Act allow the v~blic to petition the NRC for specific 
acti~ns to provide safety for the general public. 

The headlift of the T!{I+2 react~r is a dangerous maneuver. This headlift is a 
:rart l)f the cleanup plan for the T:il"'2 accident. The headllft will be scheduled 
in the near futute acc~rding to correspondence between the NRC and the CPUNC. 

~everal questions were raised in the correspondence between the NRC and CPUNC 
regarding pyroph~ricity. Also coa~ents were received from the publ;c on the 
dangers of pyroph~ricity, (Letter Gulbransen , iJ of ? to Snyder , l'RC , dated 
Aug.27,1930) I sent a letter to Mr ~t, !:Rc , dated July 25,193). !'.r Barrett 
very kindly sent ~e an extensive reply which I have researched extensively. Although 
I co~end the researchers "n their deligence in seeking out the facts, I also 
take the researche:o:s to task in that the conclusions · disagree 
with the very facts that they report. 

B1sis of the request t~ stop headlift of T~I#2 reactor: 

The pr.JOpboricity of the zircalloy present in the TMI#2 reactor is still a 
ill3.tter of conjecture. The resech has not determined tm full extent of the 
pyr~phoricity present in the ~2 reactor. 

The c~nclusions ~f the Evaluation of the pyrophoric rssues Related to TMI~2 
Underhead Characteri~ation and. Core Sampling by the NRC Che~ical Engineering 
3ranch contradict the very facts upon wHCh the conclusions are based: 
A. "3u!;< zirconium :netal or zirconiU!II hydride is normally protected from 
r£>action with air , '>4atPr or hydrogen by a tight bpervious surface fil.lll of ZrJ2." 
This is not true,n't proven at least,for zircalloy that has gone thru the te:nperature, 
tilrle and hydrodyaa:tic stress hititory of a THI#2 accident. This NRC evaluation 
must not bear weight i."l this head.litt operation. 

3. "At high temperatures, zir~onium hydrides react with steam t~ form ziconium oxide 
and hydr~gen gas." This is not necessarily true if there is an excess of 
hydrogen gas driving the reaction toward hydride production. An excess of 
hydrogen would exist in the T:~Itr2 reactor during the accident if hydr~gen gas 
was being continually introduced during the accident. There is evidence that 
hydr,gen was being continually introduced during the accidant. 

!1) . · There was an hydrogen bubble that was stable for several days. 
2.) There was an hydrogen "Spike." 
J.) ThP hydrogen mentioned in the FArtment allegations could and probably 

was allowed to remain on providing a source of hydrogen during the accident. 

C. ·~he inert ~iluents would help to dissapate reaction heat and prevent 
thP develo~tnt of pyrophoric conditions , " This statement of the NRC CED 
contradicts Page 4 of the Accident and Fire Prevention Information USAEC Issue 45 
August 7,199), which states,"The evidence suggests that trace contaminants in 
zirconiU!II ~~contribute to increased pyro~oricity . " 

-'eberi~Ui ~~~any 'oiMknesses in the NRC develo:pment of the dan«er of ~~eit,.··in--

·)v fe - .. .~~ 
~ - ,' \, \ \! 
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•• • ihere ~ ·tanY veaiw~sses in the NRC .develoP"ent of the danger of pyrophoricity 
iA\ the TMI#2 reactor. The above &rP. only a few of the aost obvious . 

I respectfully . r~quest that the headlift be postP')ned until a full 
public review of this tssu~ can proceed. , 

._, .1 ":,..1 : . ,.,., 
l. '· ... .. .... _._.. •'~ · "' : 

·, • :I • ' _;I 

Very truly yours, 

M. I. LEW!~ 
6504 BRAOFORO TERR. 

PHILA., PA. 19149 
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(!) : 
University of Pittsburgh 
SCHOOl. OF ENGINE~ lNG 
Oecertment of Metallurgreal anc: Metertata E.~'""""; 

Secretary 
Nuclear Regulatory Co==isaion (N.R.C.) 
Washington, D.C. 20555 

Dear ~. Secretary: 

•. 

November 1, 1983 

~. Marvin Lelo-is has asked ::111 to send a copy of ey letter to him in 
support 'of his objections to the recoval of the reactor head of the 
d&Qaged T.~.I.#2 reactor. Attached find cy letter to ~s. Levis dated 
Septecber 28, 1983 toge~~r \o~th a pa~er on the effects of oxygen, 
nit=ogen ~~ hydrogen on the ~c:hanical prope:-ties of zirconi~. 

I hope the NAC -.:ill exert the g:-eatest cautibn before proceeding • 
·~th lifting o: the bead of the reactor. 

t · 

E:AG : sj 
E:nclosure 

a~a BENEOUM HALL. PIT1'SBURGH. PA. 1!261 

._, Very t=uly yours, 

~·?t.-fV~ .,. 
Earl A. Gulbransen 
Research ?rofessor 
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University of Pittsburgh 
SCHOOL OF ENGINEERING 
Oeoanment ol Mellllur;.cal and Materials Eng~nnnng 

Mr. ~.arvin I. Lewis 
6504 Bradford Terr. 
Philadelph.ia, PA 19149 

Dear ~. Lewis: 

Septe=ber 28, 1983 

I have your letter of Septecber 13, 1983. I think you have made 
some very strong points in your letter to the Nuclear Regulatory 
Committion (NRC). One would nor=ally assu:e that the NRC is aware of 
the =any ha:ards associated ·Jich removing the reactor head of the damaged 
~eactor. I would like to make a few coc=ents on the !acts developed in 
your letter. 

-
First, under A, zirconiu= is n?r=ally protected as is zirconium 

hydride by a surface film of zro2. This is certainly not true of the 
Zircaloy which had ~one through ~~e temperature, stress and reaction 
conditior~ during the accident •• It i~ very hard to predict what the 
present condi:ion of the recain!:g Zircaloy and zirconium hydride is in 
the reactor. Finely divided zi~conium hydride cay have spalled off of 
the cladding and is still present as hydride in the bottom of the 
reactor. In a finely c!iv!ded state it could be very pyrophoric. The 
reactor core cust be kept ~der water at all ti:es until it is proven that 
Zircaloy and :irconiU? hydride are not present. 

Second, under 3, no data is available to cec!de whether zirconium 
hydride, zircon!u: oxide or a =ixture would fore in the cladding under 
the accident condition at ~ U2. ~e cust assu:e the worst possible 
conditions to avoid further cangerous events on eX?osing the core to air. 

Third, under C, inert constituents in the ·Zircaloy oay seriously 
increase the pyrophoric properties. Thus, oxygen, nitrosen aud hydrogen 
a:kes the Zirca!oy very br!ttle and lead to fragoentation of the cladding 
and to increased ?Yrophoric!ty. 

I am enclosing a short sur\·ey on the effects of oxygen, nitrogen and 
hydrogen on the mechanical prorer:ies of zirconitom. I hope you will 
find it of interest. 

W BENEOUM HALL. PITTSBURGH. PA. 1!2111 



'Mr. ~rvin I. Lewis 
Page 2 
Septe:ber 28, 1983 

In conclusion i t is essential to keep all operations on the damaged 
react or unde~ water at all times to avoid possible se:!ous reactions of 
air with ·unreacted Zircaloy and zirconiuo hydride. 

I vas glad to receive your letter and to hear that you are 
concerned about possible future catastrophic events at IMI #2. 

EAG:sj 
Enclosure 

.. 
t · 
t-

Very truly yours, 

4~~~,._ 
Earl A. Gulbransen 
Research Professor 
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The Effect of H, 0 and N Cases on the ~echanical 

Properties of Zirconiu= and Z!rconiuo Alloys 

by 
Earl A. \.ulbransen 

University of Pittsburgh, Pittsburgh, ·?A 

1.1 Introduction 

The mechanical properties of zirconium and :ireonium alloys depend strongly 

on the H,O and N contents.<l,l) Zirconium has a strong affinity for all of ~~e 

three gases in contrast to Fe and many other co:mon =etals. In the Fe-H syste:(J) 
( 

vhere the affinity bet~~en the ~tal and hydrogen· is s=all hydrogen dissolves 

endother--ally and in small quantities. No compounds are formed yet hydrogen .has 

a cajor effect on the cechanica1 properties. In the Zr-H system compounds are 

fo~ed and the gas dissolves in the cetal exothermally and in comparatively 

lar~e quantities. 

In the Zr-0 and Zr-N syste:s very~table 

gases dissolved in the cetal exother--ally and 

cocpou."lds are forced(4) and the 

{1) 
in large quantities~ Scall 

quantities of all of these gases have a :ajar effect on the mechanical properties 

of :irconi~ and zirconium ailoys .<1• 2> 

1.2 The :irconiuo-hvero2en svstem 

Figure l shcvs ~.phase diagram of ' the Zr-H system ~~th isobars.{!) The 

diagra= is of the eutectoid t)~e. Zr undergoes a phase transfor=ation at 862•c 

from the hexagonal close-packed to the body-centered cubic structure. The 1ov 

tec?erature ?hase is called ~~e ~-phase and the higher temperature ?base the 

3-phase. 7he :axicuc acount of hydrogen taken up corresponds to the co:position 

The ~xi~u= solubility of hycro~en is referred to as the terminal solubility. 

!he ter~inal ~olub111:y of hydro~en in the a-?hase is s~~ller than in the 5-phase 

At the eutectoid te~perature of sso•c thete~inal solubility in ~-Zr is about 

84PDR02290479 840217 
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6 atom: and !n e-zr ~boue 37 aeom :. 

Three hydrides occur in the Zr-H system: the cubic :-zrH1•4 , the tetragonal 

c-ZrH1•98 with c/a < 1 and the tetragonal y-ZrH with c/a > l~l) !he y-ZrH phase 

is only stable below 26o•c. !oth the oand the t hydride phases have extensive 

ranges of homogeneity. 

From the phase diagram, Figure l.the tercinal solubility of hydrogen in both 

a and e Zr increases with increase o~ temperature. Dissolution of the hydride 

takes place into the saturated solution of hydrogen in Zr endothermally. Figure 

2 shows the ter:dnal solubility of H in a-Zr in parts per =illion as a function 

o! 1/T.(l) At a FW1l nuclear reactor operating temperature of 35o•c a terminal . 

solubility of 120 ppm is found. 

1.3 !:brittle:ent of zirconi~ bv hvdrogen 

Hydrogen is a very dangerous im~rity in zirconiu~ and z!rconiuc alloys . 
~ 

Hydrogen can be absorbed in these metals by corrosion in high te~perature water 

and stea:.< 2> Due to the decrease in the te~ual solubility with decreasing 

:e=pera:~re, the hydrogen content of the :etal is greater than the metal can 

hold in sa:~ra:ec solution at room ge=perature. As a result hydrogen contents 

of a !ew :ens of pp: or core are sufficient to cause ~~~r!:tlement. ( 2) 

~nen the excess of hydrogen before testing ·is present as hydride impact 

e:brit:le:ent is obse~1ed. This becomes more severe with increase of strain 

rate and a: decreased te:peratures. If the excess of hydrogen before testing 

is present as a supersaturated solution in the :etal, lov strain rate embrittlecent 

occurs. tcw strain rate e~~rittle:ent depends on the rejection of hydrogen fro~ 

:~e s~~ersa:~ratee solution during plastic de!o~:!o~. !his occurs by the 

precip!cation of a crystalline brittle 6-ZrH1•4 • 

For pure :irccniu= there are indications t~at significant supersaturation 

~!th hydrogen never occurs.( 2) Even after rapid cooling the hydride is probably 

?resen: as fine particles of 6-ZrH1•4 ~hich tend to coalesce with ti=~· When 



'the ~etal ii cooled slo~ly the hydride precipitates in the fore of platelets 

vhich lie parallel to the crysta1log~aphic planes of the {1010} type, i .e. 

parallel to the principal slip planes in zirconiuo. 

For alloys of zirconiu: supersaturation vith hydrogen can occur causing lo~ 

strain rate embrittlement. 

Figure 3 shovs the influence of H on the ultimate tensile strength cB' the 

% elongation 6 and the % reduction in area ! vhen Zr is subject to plastic 

deformation at room temperature . (!) The decrease in% elongation on fracture 

and the decrease in % reduction in area on fracture are indicators of e~rittle-

ment of the metal. Figure 3 shovs a H content of 100 ppm has decreased the % 

el~ngation by a factor of 3. The sace factor of 3 is found for the decrease in 

the % reduction in area. In contrast the ulti:ate strength is not seriously 

effected by 100 pp~ of R. We conclude th4t 100 ppm can cause severe e=hr!ttle-

ment of zirconium at room temperature . 

1.4 The zirconiuc-oxygen svstem 

Zirconiuo reacts ~ith oxy~en, air, vater and steam to form an oxide z:a2 

~~th the oxide dissolving s l ovly into the metal especially at the gra!n boundaries 

of ~~e metal . The rapi d dissolut i on ~f oxygen i nto the oetal at the grain 

boundari es has been reported in France in 1974(S)at temperatures belov 6so•c. 

Figure 4 shovs a phase diagram for ~~e Zr-0 system vith isobars.(!) Only 

one :ajor oxide Zro2 is for:ed~S) Belov 1000•c the structure is monoclinic, 

above tetragonal . At very high temperature the structure becomes cubic. (l) 

Belov zre2 a number of suboxides have been obserted zr8o, zr5•6o, Zr3•7o, Zr3•1o, 

Zr2•9o, Zr 2. io and z: 2o ~1:h :he hexagonal s t ructure and ZrO ~i th the cubic 

s tructure ~!) !he te~ina1 solub!li t y i n the Q-Zr phase is sho~~ as about 30 atom % 

belov 12oo•c. The te~inal sclub1li:y in the E- Zr ?hase i s =uch s:aller . At 

12oo•c i t i s about 3. 3 atom : . 

• 



rigu~e. 5 ShCYS the ter=ainal solubility of 0 in 9-Zr in atom% ~Sa 

function of te:perature.{l) !he solu~ility increases Y!th increase of te:?era-

ture indica:~ns an endothe~ic solution. of o~jgen free the a to the S phases of 

Zr. The tr•~sition temperature for a-S Zr increases Yith the oxygen content 

of the Zr. 

1.5 The e~brittlecent of :irconium bv oxygen 

Figur~ 6 shows the influence of 0 on the ultimate tensile strength 68 , the . 

yield strength 6
0

,
2 

and% elongation 6 at room temperature.(!) For an 0 content 

of 0.1 Yt % {1000 pp~) the ulti~te tensile strength 68 and yield strength o0 •2 

are greatly i=proved. noYever. the % elongation is decreased by a factor of 2 

Yhich indicates e~brittle~ent of the zirconiu=. The addition of 1000 ppm of 

o~jgen to :!rconiuc has a serious deleterious e!!ect on the m6chanical properties 

of Zr. 

1.6 !he :ircou!u:-nit~o2en svste= 

t ­
~ 

Figure 7 shoYs a phase diagra: for the Zr-N system Yith isobars.Cl) Only 

one nitride ZrN Yith the cu~ic . structure has been observed. The ter=inal 

solubility in a-Zr is sho~~ as about 20 ato~ % at room te:perature and 23.5 

atoc : at 12oo•c. The ter:inal solu~ility in the 8-Zr phase is much scaller. 

At 12oo•c it is about 1.3 ato= : . --
Figure 5 shoYs the tercinal solubility of N in 8-Zr in atom % as a function 

cu of te~erature. The solubility increases Yith increase of te:perature indicating 

au endother=ic solution of nitrogen !roc the a to the 3 phases of Zr. The 

transition :e:perature for a-3 Zr increases Yith the nitrogen content of the Zr. 

F!gure 8 shoYS th e influence of ~ on :he ulti~Ate tensile strength e3 , the 

yield strength e
0

.
2 

and the 4 elonga:!on 6 at room te~peratur·~.{l) For an 



. ·. 
nitrogen content of 0.1 ~t. % (1000 pp~) the ult!:ate tensile stre~gth 6B &nd 

the yield strength 60 •2 are i:proved by a factor of 5. However, the % elongation 

is decreased by a factor of S ~hich indicates severe e=brittle:ent of the :irconiu:. 

The addition of 1000 pp= of n!tror,en has a serious deleterious effect on the 

mechanical properties of the zircon!~. 

t 
'· 
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