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STRI!CTLRALPROPERTIESOF NgO AND MsAI:UZ AFf’ER FISSION NEL’TROS
IRRADIATIONNW! ROON TDtPERATURE

G. F. Hurley, J. C. Kennedy, and F. W. Clinard, Jr.
LOISAlemos Nationsl Laboratory, Me Alamos, NM 87545

R. A. Youn,gman
Case Western Reserve University, Cleveland, ‘3H 44106

W. R, FtcOonell

Savannah River Iz’bora:ory, Alken, SC 29801

Polycryscalline 14g0 and MgAl Ok samples were irradiated at 430 z 5 K in HFIR-to 8 fast
$ nlm; , E ~ 0.2 Me!’, and 4.6 x 10;’ thetma] n(m’. Fr.rl-neutron fluence of 2.1 x 10’

lowing Irradiation, owrrlling, micrmskcture and mechanical otrength were evaluated
relative to control samp’ es. Both materials swelled sllbatantially, 2.6-3.OT. in thu

case of tfgO, snd 0.S% in the cam of 14gAl,0,.. The substructure of the MgO wari found
to cont~in a dense arrsy of dislocation lonps while th., spincl showed htiavy but un-
resolved damage. Results of mechanical strength ●valuation by diamctrol compression
testing showed significant strcngthenin~ for both materials. This result, whlcli li~s
important implications for uae of cubic techrrdogical curmmics, Is disclls~ud in ttrMh
of the obserk.d fracture mUdOf3find microatructur:ll dama~L,.



Table 1., Characterization of Irradiated Materials

Material Source z Full Major Impurities Grain Size
Density Wt. Percent

Mflo-1 Degussa 75 .3Fe, 1.2Ca, 1.7 S1, .8A1 See Text
ME-25

%0-2 Hone~cll 79 ,08Fe, .3Ca, .08Si, .02A1 See Text
H-30

M@l.[),,-l American 94 ,OIFe, .OICa, .94s1 10 am
L?va m..— — —

detenmine changea in denoity. S~beequenty, the
rods ware cut with a dimond saw tu produce ohort

cylinders for diemotral compression te6tlng, and

disks for TDt examination. Diametral compress-
ion :eeto were carried out on samples ‘L4.5 rmn

dia. and 4.5 mm long, with a deflection race of
nO.12 m/rnin. The sampleu were wrapped in

alurninm foil whi~h nerved to crmtain thu
fragments and k. provide padding, In the cane

of MgO, 0.12 mm Al wao uned; in thr canu nf tht,
higher mtrangth MBA120k, 0,05 m Al wrnp and
0.12 m copper pads were u~cd.

Flguru 11 HtLroafructurr of tyr~+’ HMO,

Bar = 0,2 mm.

3. RESULTS

?tetrrlnl v(~?. Sw?llillx, %—. —— .— .,——
HgtJ- 1 J,h

?f#o-2 360

?l@l.o,, O.nf!
.—— —

ma diffarance in mmllln~ for the two MgO

●mplom may nut bo slplficant. Impurltlue ●rr

known to ●ffect defmt pruduutlon In r~~tmlm,
lncludlnB MuO;(9) if ● diffarmcc le ●aemml
hara it ml~ht ba justiflad on thr ba~im cf thr

dlfforant writy Iovele of th- two metorlale,

Fu~la of MgO and of StgAl:Ok were examirwd by TIT!
with representative views an shown in Fl~, 2,

The features seen are all duu to Irradiation,
and include a higl density of small elongated

lcIopB in P@O, with z dense array of iinu
aggregated damage, poesibly loops. in thi
spine]. In addicicm, note thut :he Erain
boundary in Fig, 2b, (spin&l) is denuded (,f

damage, also a typical feature.

Dlamccral compremim tasl remits for MgO aI~L!
MgAl, O,, arc presented in TiIhlo 3. TIIv di:lrutr.11
comprt.Bsi,,n test is onc in wl!lch n cyllndcr is
loaded o;) lt6 ❑ide between purallcl plattuns.
Strr~% anulyneq aumn~rlzrd III Rt,f. lr) -how tliiit
unifurm tentiile titresh Iu pruduced by Lhlb
confi~uracion alun~ thu midplanc pnrtill(,l [,, tll~

ri~ure 21 TM suhntrurturo in irradlatvd MxII

(a) ●nd MMAI;O, (h). Bar = 0.1 ,111.



Table 3. Diametr~l Teat Sumary for HEO and MgA2iOQ

Samples Irradiated to 2.1 x 1026 n/m2 En z 0.2 MeV.

Sample Cancrol, MPa (No . ) Irradlatdd, UPa (No.j Change, HPa !2)

Mf@-1 23,1 I 1.0 (6) 25.9 t 1.1 (3) + 2,B (12) –

MgL-2 25,4 * i.1 (3) 31.6 t 0,6 (3) +6.2 (24)

mg~ : ok 127 i 4 (6) 152 211 (9) +25 (20)

rnplied ctreae. Relative magnitude of this
telaile st.~.i tc maximm shear and compressive
m!rtsses can be controlled by ●uicable choice
of ] !ding materials in order to ●aaura failure
in tension, In chin cane all failuree
occurred by parting on the midplane, or by triple
cleft failure, both accepted as tanaile failurea.

Fracture surfacaa were ●xamined by S~ and by
epcical microscopy co characterize the fracturo
procehaea occurring befora ●nd after irradiation.
The pair [~ fractographn in Fig. 3 ahowa repre-
●entativc areati of irradiated and unirradiated
HKO. No differences are obnewed here; the

fracture appcorr ?O bc virtually completely
tranngranular in the large graina, ●nd mixed

tranogr~nular-intergranular in thu m~trlx mate-
rial. Cracku which were apparently not involvvd
in the fracture werr occa~lonally avcn in thu
IarFt, grains. The locatlrrn of thtifrncturr
ortSion wan not detvrtcd by citlwr Sf21 or n;tictrl
‘Ibn[ rvatlnn. Howmwr, in many cauvk, larlm,
Brainrr which had cleaved wcru fwnd in thv
fracture surface, intera~cting thw tcnbllv
●urfacc ●dgv; thw~c wure lihlv ●itoF f(,r

marhininE flawn and ■ug~ent tilt.mkciv~,~ ,1~
fractu;v crl~in~.

The p~ir t,f fra,’lLISrflphB in FiK. L rOvl,~ll lhv
s;,trarmriu uf the F@il.(1. fra[turr •urfn,~~,

Hurw a dlffrrenre lb found. Uhllr thv frarturv
iII buth careen wau lnr~ely trananranulur. n

ni~niflvunt u~currtm v uf inlerffranulur failur{,



F

●xpansion as determined by x-ray diffraction
measurements , Hence the swelling is viewed as
reaulticrg from dilation of the lattice by the
Irradiation-induced defects.

In a similar ❑anner, the ewelling of f4g0 at
low fluence appeara to result ●ntirely from
lattice dilation (point defects and Inceraitial
1 Ops). The direct confirmation of this
:orreapondence at the high fluencea u6ed here
In probably not ponsible since dlffume ocacter-

Ing (oee Ref. 13) would be ●xpected to domtnace
the x-ray diffraction lineE. However, no
other cauaea of ●welling (e.g., void swelling or
❑icrocracking) can be detected in TE4 observa-

tions. (cf. Fig. 2a.) This compels the
hypotheain that this material must cn[,qi. III
axtrmmely large number of point rtef,
particularly vacancies. The rati~.1 I!ure is
that vacancies and incerniclcla16 .I.ti created
by irradiation leading to cverrtual condensation
of interacitiala to form 100pa, If the vacancies
find ninka (e.~., vacancy loopn, aurfacefi) no
additional nwelling reeul to. If the eink is
a void, nwelling continuee, but the “~oids
become vinible. Uith such i~rgc numbers of
(postulated) vacancies, it would be rcas,.nnbl{,
to ● asumc ●omu number reductions by their
condenfiation to form, for examplv, dl-varancie~,

Fracture in polvcrvatalllnc MRO 10 far more
complicated r.han in 6inhlc cryntal matcrinl
for which comparative data ● re available, (14,15)
In the lstrer caee, it 18 fuund that ditilocnt!an
flow aids mic;ocrack growth; reactor irrndiac ion

greatly incraasea the flow ● trenn ●nd leadN L(I
mlcrocrack propagation without plaatlc f]nw,
T’hua radiation damage Incroasen the fraclurc
stress in oingle crystalnl

in polycrystallina 14R0, ruom tamperaturu

f~acture ran occur with ●ith~r pnsltlvv or
ntgativr contribution from plasticity.

The affectiv,, surface ●ncrgy for fracture in
largrr thsn the thennodv ●mic value, which 1s
bellevcd to renult from flow near thr crack
tip, which in t,lrn artn to blunt 1!.. If thi~
wmr~ th. dominant ●ffmct in thr praamtt rnatarinl,
than irradiation would wmkan tha materiul by
reducing the fracture ●ncrgy. Altamatlvolv,
●u in ●ingla cryntalb, if plastic flow cdn occur
st strcocas lowtr than thus. to ●xtmd pro-

rxisitng flaws, thm tha flow itself inltiatcn

fracture. This procwco wuuld b? stopped by
irradiation, ●nd wwld thuc incrcanr the fracturr
#tr@n&th.

In th~ currant matarial, lnapoctior, trf the
micrumtructure ●nd fractura ●urfacrn FIKII,1
●nd 3a suug~ats tha larga c~stals ms fracture

initi~tlon ●itca, with fracturm ba~inning from
~chinin~ flaws in than- crystalo ●t th~ ●urfac~.

BayorId initiation, fractura must procshd through
thr finer ~rainsd, porouo matrin, frsqurntlv
int@rn,ctinB the lar~mr blocky crystalm. The
●trmsth-controlling faatura of thwc prncass~n

10 not claar, but could b~ ro-initiation of

the crack effectively blunted by the pore sFfire
around the initial flawed grain, or interaction
of the crack at subsequent intersection with
o~le of the large grains. It can be seen in
Fig. 1 that many of these large grair,s frequent-
ly were found to be separated by porous regions
from the fine grai~led matrix. If either of LIIese
Interactions Involvsd flow-aided processes, then
the irradiation atrengthing could be accc~n:td
for.

4.2. MgAl:O,.

Phenomenologically, the response of }lgAl, O,.
to high dose, near room temperature irradidti ,n
was similar to that of MgO, exhibiting su5stan-
ti~l (0.8%) though lower volume swelling, and a:)
increase in the mechanical ncrength, Tl]is lev.1
of swelling contrasrs wiLh the zero sw~llin:
observed in eingle crystals irradi~ted at .Jlg!I
temperature, and moderate ewcll~ IF seen in
polycryatala a~ the same ccmpcraturo. (li,lhl
The significant feature of rhu microsrrucrurt
is thu denudation of damage along [he ~r~l[,

boundaries. Damagt in high tempertiture-
irradiated ainglc crystals has b..cl, sh[wl !,
consist of .I low density of in Lerstitl,ll f. Iul L(J
IOops.( l?)

In pulycrystol line mnterinl, or. Jddici[n,l
feature Is a l~ver uf sm,lll t,[ Ids oc~urln: ,,

cl)., @,rtiin boundurie#, (-0) TII,: VCIid 1,,,.’<(

pr,)bab]y result~ from ]ORS of intcr~tl[i+,l, I

[hr Rrti!n boundnry sink, witl) Subpvqucn[

condcn~~tlon of tht vticr.rncit,~, In the, l(IwtI
temperature cane, Interutitinlk nt,nr tlit,~r.t
boundary prerturrmblv KII to th- &rain bc,undt~r’
whilr au~l[lmcrntinx, in L!lc xrlln Intltl.lr.,

.,:),,

1,

[...
Rive the dnmngt, necn in FIx, :b. s..,cllili~ Ill r’1

rnumt effcctlvt,ly bu rrpresrr,rr(! h} n(,w .~t r

siIu# ucrupiccl bv the !ntwr~titl~l~ s(ltlj ~.

10IIPB (in grrtin lntorlur~l or [u grnln boun,l,lrl,.,
Hrnce, while swcllin~ ocrur~ both in thu bulb ~ f
thr grain and in :lIe pruin boundnry lri~~,rs, il
mnv be nf a d~ff~rant ma~nltudi, 1~1 tt)ra, IW

rvgiunn and thun RIVC ri~!, tu slr~in~ at tIII
grair, buundnrlo#.

Tho incrcnnc in atran~th ubnprvwd la partlui(,,!.
incerel,ting since it nearnu 10 reauli fr,l: .I

different causr than in thw f4x0, Thv c,~n,lu~i II
bnoed un ●xamination n! the HKAI, O,, fril, tUl\
nurfacan (FiR. 3a) III that tho fsartltillv ilILL,I -
Branular nsture of the fracture in unirrudiilt t.!
materinl, is complmtrly abnent in thv irr.l~!i,lt(,!

can~i Thin crbaervatlon mriy cxplaln the at IvIIIl,
inrras~e in ● phonnmrrnuloRical nmae siI\Iu LII,
fractur~ touRhr@nr for mixad~d~ trans~rsnul,ll
and int~rgranular frarturg in polvcryatnllll)i
spine] i- hi~her than for inttrgranular fra~tur~ ,

(21) Th@ dir~rt caus? nf tho chan~ad frat!ur~
mode ●nd Incrcaaod strmgth rann(lt br oBLull-

Iichcd frum this data, Tha mo~t like’v cnplnn,~-
tlrm mnv b? rrlotsti ttr the denuded grain

boundariv~, If ● ●trcns ●nlnta hero an ri r,,n(III

of a diff~rmtisl swalling ●ffact, 1! cuu]d n( I
to dcfloct crar’ko ●way’ from the Srain bOUll(li\r~util
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or in effect, to strengthen them. No effect of
reduced potential for plastic deformation is
expectad since flow la not thcught to ba

Involved in room temperature fracture of

Opinel. (22)

5. slJl@lARY

MgOand !igA.170L, irradited to 2.1 x 1026 faat
n/m2 at 630 K, ●xhibit ❑ubatantial voltma ●well-
ing, In the caae of 14g0, tha volume ●xpanded by
2.6 to 3.0% which la cloaa to the high value
obne~ad for SIC naar room temperature. ~MiO~
mwelled 0.8% In both caeea, microatructural
damage wae found by TDt ●~mination ●uggeating
interstitial ●gglomeration ● a fine loops. In
the cane of ●pinel, denudation in tho grain
boundaries of agglomerated damage ●uggesta a
mechaniam for gmneracion of Intemsil atraina
localized at the grain boundaries. These grain
bmndary effects in turn may bt reaponaible for
the ●trengthaning obaarved. NgO waa alao
ctr~.,gthenad, possibly by increased raaiatance
to slip, induced by irradiation. The occurrence
of ●trengtheninB la ●xtrmoly important ●a it
now dmonatratem the uaefulnees of cubic
technological ceramics III load-bearing nppllcu-
tiona, doapita the occurrmncc of radiation

hmllgc ,
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