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STRUCTURAL PROPERTIES OF MgO AND MgAl: U, AFTER FISSION NEUTRON
IRRADIATION NEAR ROOM TEMPERATURE

G. F. Hurley, J. C. Kennedy, and F. W. Clinard, Jr.
Los Alamos National Laborator:, Lns Alamos, NM 87545
R. A. Youngman
Case Western Reserve Univeraity, Cleveland, 9H 44106
W. R. McDonell

Savannah River laboratory, Alken, SC 29801

Polycrystalline Mg0 and MgAlEOh samples were irradiated at 430 = 5 K in HFIR to & fast

neutron fluence of 2.1 x 10

n/m‘, E > 0,2 MeV, and 4.6 x 10-" thermal n/m*. Fol-
lowing irradiation, swelling, microsfructure

and mechanical strength were evaluated

relative to control samp'es. Both materials swelled substantially, 2.6-3.0% in the

case of Mg0, and 0.8% in the casc of MgAl.0..

The substructure of the Mgl was found

to contuin a dense array of dislocation loops while the spinel showed hcavy but un-
resolved damage. Results of mechanical strength evaluation by diametral compression
testing showed significant strengthening for both materials. This result, which has
important implications for use of cubic technological curamics, is discuvssed In terms
of the observ.d fracture modes and microstructural damage.

1. INTRODUCTION

Applications for ceromic compenents in fusion
power reactork have recently been reviewed;(1.2)
requirements for materinl candidates for these
apjlications are dincureed elsewhere in these
proceedings. (3) A key materia' requirement s
the ability to withstand high stresses due to
thermal and structural loadings. While in gen-
eral the exact level f expected stresser has
uot been analvzed for mest ceramic components,
celculations for selected applications and dv -
igns have shown the desirability of deslgning
te high stresy levels and hence the fmpoertanc
of understanding the cffects of neutron damage
on strength.(4) In the case of rf winde s,
strength of unirradiated candlidate materials in
Tkely to be Himiting. (M)

Previous studles of the effects of neutron

damage on mechanical propertien of cerambon

have revealed atrength reductions in poely-
crystalline non=cublc materiala which resul:

from anisotroplc swelling.(6) Recent analvuis

of thisx problem has suggested that even the
pinsmctch strafine in samples undergoing very
snul!l macroscoptc swelling can serlously reduoe
strength in indtially high strength materialn. (7)

No such direct causative features can be feund
for strength reductions in single phane cubl
materialn, regardless of swelling., High purity
r=51C irradiated to 2.8 % 10°' n/n, F_ - 0.14
MeV, at 900 and 1293 K, han been found™net t
undergo significant changes in efther modulus

of rupture or eiastic mudulus, tested at rorm
tempuratyre. These matnrials swelled by & small
amount (~ 0.33) and showed n-ray line broarcening
which was attributed to dislocation loopw. .F)

No quantitative date for other cubdc matevialen
is available after high=done {rradiation,

MO and MgAl U, are electrically insulating

refractory oxide materiais which have 1ot pro-
viously been neutron=irradiated to high-dosc
nedr room temperature, and rav be coensfderdd
candidates for fusden reactor applicatlionse su.
as in diverter colls.  In this investipation,
several small polvervatalline samples of thes
miaterfals werd drradinted te 2.1 x 107 e
F.oo» 0.2 MV, at 430 K. Pest=drradfationoricr -
swructurv. density, and mechantoal propertics
were exatedned and compared o the undrradione!
Fropertics,

2v EXPERIMENTAL DETALLS

Myt and MeAl O Rarp tee dn the e of sl
cviindrical rode A=t me dia, aid 1w Tone won
freadi~ied In the Oak Ridge High Flus Is t 5
Kewo o 1 dn aluminum he Wderss The ma=plos won
loaded Inte recessed compartments with the onds
pvaled by welded plugs, Calvulated terporatan
durdng frradiation was «t5=ad4% F oand U neutt
fluence war <0 x JO ' thermal nroand L0

100" n/~ I” <0, Moy,

Startdeg pregnrtfes of the frraddated materyials
were characterized by measurerant o the rooy -
sceplc denmity, gradn mfee, and purdtne Koot
vf these meanurements are presented In Gabic 1.
All of the materfaler were rather perous, esjoo-
clally the Mpo, Beth tvpes of MeD had si=fiae
micrtontructure, featuring large blocky prate:
dinpereacd in a much finer=grafined matrdx, t+; 1=
fled by that shewn dn Flyo 1 o tvpe=2 Ny
Here the fine=pgrath mize wax 16 ire I the cave
of types] MO, the matrix grafns were ot oa
uniform in size, and varfed from the same a-
seon in type-2, up to the sfze of the larg
blovky prafne (0.28 mm),  The mlirostiucture of
the apine) war uniform with pores pcattered

throughout the grains and at the grain beundanfes,

Dimenuione of the rods were measured micre-
metrically before and after frradiation t.o



Table 1. Characterization of Irradiated Materials

Material Source % Full Major Impurities Grain Size
Density Percent

Mp0=1 Degussa 75 .3 Fe, 1.2Ca, 1.7 Si, .8 Al See Text
Mg-25

Mz0-2 Honeywell 79 .3Ca, .088i{, .02Al See Text
M-30

MgAl 0, -1 Amcrican 94 .01Fe, .0lCa, .04S1 10 um
Lava

determine changes in density. Subsequenty, the

rods were cut with a diamond saw tuv produce short

cylinders for diamotral compression testang, and
disks for TEM examination, Diametral compress-
ion <ests were carried out on samples ~ 4,5 mm
dia. and 4.5 mm long, with a deflection race of
A 0.12 mm/min. The samples were wrapped in
aluminum foll which served to contain the
fragiments and to provide padding. In the case
of Mg0, 0.12 mm Al was used; in the case of the
higher strangth MgAl-0,, 0.05 mm A! wrap and
0.12 mm copper pads werc used.

Figure 11 Microstructure of type=! MgU,
Bar = 0.2 mn.

3. RESULTS

All of the irradiatod samplen wvere vbacrrved (o
avell, with the magnituder listed i Table 2.

Table 2.
Materinl Vol!. Swelling, 2
My0=1 2.6
My0-2 3.0
MgAl 0, 0.80C

The diffarence in swelling for the two Mg0
sanples may not be significent. Ilmpurities are
known to affect defect production In crystals,
including My0;(9) if a difference i3 assunvd
here it might be justified on the baszim cf the
difterent nurity levels of the two materials,

Fuils of Mg0 and of MgAl:-0., were examined by TR
with representative views aa shown in Fly. 2.
The features seen are all duc te irradiation,
and include a high density of small elangated
loope in MgO, with & densc array of rine
apggregated damagce, possibly loops, in the
spinel. In addition, notc that the grain
boundary in Fig. 2b, (spinel) {s denuded of
damage, also a tyvpical featurc,

Diamctral compression test results for Mg0 and
MpAl 0, arr. presented in Table 3. The diarctral
compression test {8 one in which a cylinder is
loaded on ite side between parallel plattens.
Streee analvees summari{zed In Ref. 10 show that
unitform tensile stress {8 pruduced by this
configuration along the midplane parallel to the

Figure 2t TEM substructure in {rradiated Mpo
(a) and MpAl .0, (V). Bar = 0.1 .m.



Table 3., Diametral Test Summary for Mg0 and MgAl;O,
Samples lrradiated to 2.1 x 10°¢ n/m? E, > 0.2 MeV.

Sample Control, MPa (No.) Irradiatad, MPa (No.} Change, MPa /%)
Mg0-1 23,1 ¢+ 1.0 (6) 25.9 * 1.1 (3) + 2.8 (12)
Mg(-2 25.4 + 3.1 (3) 31.6 = 0.6 (3) + 6.2 (24)
MBAL 0w 137 44 (6) 152 21l (9) +25 (20)

coplied stress. Relative magnitude of this
ter.sile 8%.voa to maximum shear and compressive
strcsses can be controlled by suitable choice

of | !ding materials in order tu assure iailure
in tension, (11) In this case all failures
occurred by parting on the midplane, or by triple
cleft failure, both accepted as tensile failures.

Fracture surfaces were examined by SEM and by
eptical microscopy to characterize the fracture
processes occurring before and after irradiation.
The pair ¥ fractographs in Fig. 3 shows repre-
sentative areas of irradiated and unirradiated
MgO. No differences are observed here; the
fracturc apprarr to be virtually completely
transgranular in the large grains, and mixed
transgranular-intergranular in the matrix mate-
rial. Cracks which were apparently not involved
in the fracture were occasionally scen in the
large praina. The location of the fracture
origion was not detected by either SEM or optical

obacrvation. However, in many cases, large Fipure 4! Fracture surfaces of contrelfa) and
grains which had cleaved were found in the frradiated (by MeAl O,
fracture surface, intersecting the tensile Bar = 20 .m
surface edge; these were likely siter for
machining flaws and suggest themsclver aw can he found dn the unirradiated materianl, a
fracture crigins. s virtually completels mfasing fu the drraci-
ated fracture surfaces.  In all of the spincd
The palr of fractegraphe in Fig, 4 reveal the samples, the fracture erigin ceuid he trgo0t o
a pearance of the Mgal 0, fracture surfaces, o location at the end surface, supyesting
Herv a difference s found. While the fracture fracture orfgdnated at a ma hininy flaw,
{n buth camses was largelv transgranular, a
significant occurrunce of dntergranular failure 4. DISCUSSION
4,). H.;()

Near room temperature neutton frradtation

damage in MpO dw dominated by Jargo volurs
pwelling and an increase In steenthic A kit diar
temperatures and bower fluences (= x i noe o,
F o= 1 MeV) swelling of M had previcuniv boer
rnpnrlvd te show maturatien at abeut 17000

The leve]l of wwelling peen dn the present werk,
2.6=3.02, {w much larger than that seen previcus
Iv and appears te show that saturatice, (1 f{t
uLcurs, munt be at a much higher i-vel tha
previocurly sumpected.

Thin magnitude of pwelling can be compared with
the behavior of p=%1C which har been found t -
exhibit swelling an larpe an 32 when {rradtated
near room temperature. saturating hetween
20°4=10"" n/m*. TEM examination of much
samplea shown large number of small dislocation
Figure 31 Fracture surfaces of contrel (a) and loopa lving on (111" planem.(12) However,
irradiated (h) M0, evidence in the same work shows that the macres-
Bar = 0.17 mm, gropic expansion {s the same an the unit (el




expanslon as determined by x-ray diffraction
measurements, Hence the swelling is viewed as
resulting from dilation of the lattice by the
irradiation-induced defects.

In a ¢imilar manner, the swelling of MgO at

low fluence appears to result entirely from
lattice dilation (point defects and intersitial
1 ops). The direct confirmation of this
correspondence at the high fluences used here

is probably not possible since diffuse scatter-
ing (see Ref. 13) would be expected to dominate
the x-ray diffraction lines. However, no

other causes of swelling (e.g., voild swelling or
microcracking) can be detected in TEM observa-
tions. (c.f. Fig. 2a.) Thia compels the
hypothesis that this material must crntai: an
extremely large number of point def
particularly vacancies. The ratio: ~here 1s
that vacancies and intersicitials u:v created

by irradiaticon leading to eventual condensation
of interstitials to form loopa. If thz vacancies
find sinks (e.g., vacancy loops, surfaces) no
additional swelling results. If the sink is

a vold, owelling continues, but the voids
become visible. With such iarge numbers of
(postulated) vacancies, it would be reascnable
to assume some number reductione by thelir
condensation to form, for example, di-vacancies.

Fracture in polvcrystallince MgO is far more
complicated rhan in eingle cryatal matcrial

for which comparative data are available, (14,15)
In the latrer case, it is found that dislocation
flow aids micvocrack growth; reactor irradiation
greatly increases the flow stress and leads to
microcrack propagation without plastic flow.
Thus radiation damage increases the f[racturce
stress in single crystals.

In polvcrystalline Mg0, room temperaturve

{racture can occur with either positive or
negative contribution from plasticity.(l6)

The effective surface anergy for fracture is
larger than the thermody amic value, which ls
believed to result from flow near the crack

tip, which in turn acts to blunt ir. 1f this
were the dominant effact in the present material,
then {rradiatfon would weaken the material by
reducing the fracture energy. Alternatively,

av in single crystals, if plastic flow can occur
at streesses lover than thuse to extend pre-
exisitng flaws, thnon the flow itself initiates
fracture. This procese would be stopped by
irradiation, and would thus increame the fracture
strength,

In the current material, inaspection of the
microstructure and fracture surfaces Figw. 1

and la suggests the large crystals as fracture
initiation aites, with fracture beginning from
machining flawvs in these crystals at the surface.
Beyond initiation, fracture must procesd through
the finer grained, porous matrix, frequently
intersecting the larger blocky crystals. The
strength=-controlling feature of these processes
is not clear, but could be re-initiation of

the crack effectively blunted by the pore space
around the initial flawed grain, or interaction
of the crack at pubsequent intersection with

one of the large grains. It can be seen in

Fig. 1 that many of these large grains frequent-
ly were found to be separated by porous regions
from the fine grained matrix. If either of these
interactions involved flow-aided processes, then
the irradiation strengthing could be acccanted
for.

"0.2. MgAl:O;.

Phenomenologically, the response of MgAl .0,

to high dose, near room temperature irradiati.n
was similar to that of MgO, exhibiting substan-
tial (0.87%) though lower volume swelling, and an
increase in the mechanical strength., This level
of swelling contrasts with the zero swelling
observed in single crystals irradiated at algh
temperature, and moderate swell!-p seen in
polycrystals av the same temperature.(17,18)

The significant feature of the microstructure

is8 the denudation of damage along the grain
boundaries. Damage in high temperature-
irradiated single crystals has been shown to
consist of a low density of intersticial faulted
loops. (1)

In polveryvstalline material, or. additional
feature iy a laver of small voids occurine alony
the grain boundardes. (L0)  The veld laver
rrobably results from loss of intermtitials t
the grain boundary sink, with subrequent
condensation of the vacancicer, In the lowar
temperature case, interstitials near the grain
boundary presumably go to the grain boundar:,
while agplomerating, in the gradn dnterlors, to
give the damage seen In Fig., 2b.  Swelling Lore
murt effectively be represented by new at.rn
sites occupled by the Interstitials goiny to
loops (in grain {nteriors) or to grain boundaries.
Hence, while swelling occurs both In the bulb of
the grain and In the grain boundary lavers, {t
mav be of a different magnitude {0 these tw
reglons and thum give rine to siralne at thn
grain boundarles.

The increane in atrength obmerved is parti.uiar):
intereirting since it meems to result fror
different cause than in the Mg0O, The conclustion
based on examination ol the MgAl 0, fracture
surfaces (Fig. 3a) in that the partially fnter-
granular nature of the fracture in unirradiate!
material, is completely absent {n the frradiatdd
cane, This observation mav explain the satretl,
increane in a phenomenclogical asense ®inic the
fracture toughresr for mixed-mode transgranulat
and intergranular fracture in polverystalline
spinel is hipher than for intergranular frauturc.
(21) The divect caume of tho changed fracture
mode and increased atrength cannot be emtab-
lished from this data. The most like'v explana-
tion may be related to the denuded grain
boundarive., If a stress exints here an a rvnult
of a differential swelling effact, it could act
to deflect cracks away from the grain boundarioew,



or in effect, to strengthen them. No effect of
reduced potential for plastic deformation is
expected since flow 1s not thcught to be
involved in room temperature fracture of
spinel. (22)

5. SUMMARY

Mg0 and MgAl.0,, irradited to 2.1 x 102¢ fast
n/m® at 430 K, exhibit substantial volume swell-
ing. 1In the case of Mg0, the volume expanded by
2.6 to 3.02 which is close to the high value
observed for SiC near room temperature. MgAl.0,
svelled 0.8% 1In both cases, microstruciural
danage was found by TEM examination suggesting
interstitial agglomeration as fine loops. In
the case of spinel, denudation in the grain
boundaries of agglomerated damage suggests a
mechanism for generation of internal etrains
localized at the grain boundariea. These grain
boundary effects in turn may b: responsible for
the strengthening observed. Mgl was also
strr.ugthaned, possibly by increamed resistance
to slip, induced by irradiation. The occurrence
of strengthening is extremaly important as it
nov demonstrates the usefulness of cubic
technologica) ceramics in load-bearing applica-
tions, duspite the occurrence of radiation
damage.
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