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Effect of neutron irradiation on hardening in MgO crystals
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Using a nanoindentation technique, hardness and Young’s modulus were determined in both nominally
pure MgO and lithium-doped MgO crystals, before and after neutron irradiation in the dose range
10'°-10° n/cn?. The resulting defects were monitored by optical-absorption spectroscopy. The concentra-
tions of single oxygen vacancies and higher-order point defects involving oxygen vacancies increase with
neutron dose. A constant value of (2005) GPa for the Young’s modulus was measured in all the crystals,
indicating that the elastic properties are not influenced by either impurities or defects produced by irradiation.
Hardness increases with neutron dose and is independent of the presence of lithium in the crystal. Neutron-
irradiated crystals contain oxygen vacancies, higher-order point defects, and interstitials, whereas thermo-
chemically reducedTCR) crystals contain oxygen vacancies. Comparison between a neutron irradiated and a
TCR MgO crystal containing similar concentrations of oxygen vacancies, shows that 70% of the hardening by
neutron irradiation is produced by interstitials, 30% by oxygen vacancies, and a negligible amount by higher-
order point defects.
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[. INTRODUCTION metric deficiency of oxygen ions, and therefore contain pri-
marily oxygen vacancies, virtually free of interstitials and
Ceramic oxides resistant to radiation damage are necesigher-order point defects involving oxygen vacancies.
sary for several important applications such as fission reactor (3) Nanoindentation measures hardness and Young's
fuel burnup, nuclear waste disposal, advanced energy sy§odulus. Compression tests measure flow stress.
tems such as fusion reactors, and electronic applications. Itis (4) To explore the effect of a light-ion impurity as a result
known that radiation-induced defects generally increase botff neutron irradiation. The intended impurity was lithium,
the lattice hardness and fracture stress. Identification of mavhich has a strong affinity for hydrogen. Therefore, lithium-
terials that can undergo high irradiation doses without a faildoped MgO crystals contain large concentrations of both
ure in the mechanical integrity is thus important. lithium and hydrogen. An added incentive to study this sys-
Mechanical properties of magnesium oxide single crystal§em is that it has been reported that lithium-doping resulted
have been extensively studied using compression testing arid Suppression of oxygen-vacancy formatfSi:
microindentation$=!” Vacancies, interstitials, impurities,
and their aggregates have been found to harden MgO crys- Il. EXPERIMENTAL PROCEDURE
tals. As a result the flow stress strongly depends on the con-
centration of these defectZ:®'11Recently, nanoindentation =~ The MgO crystals used in this investigation were grown
experiments have been performed in MgO single crystals tat the Oak Ridge National Laboratory by an arc-fusion tech-
study the low stress plastici§?® and pop-in hique using high-purity MgO powder from Kanto Chemical

phenomenon?®24 Chemistry, Tokyo, Japaf.Lithium doping was achieved by
Some of the important features of the present study are agixing 5% of Li,CO; powder with MgO powder before
follows. crystal growth. The actual lithium concentration in the result-

(1) Nanoindentation is a unique and versatile techniquéng single crystals was determined by spectrographic analy-
for studying the mechanical properties of bulk materials andgis to be about 400 ppm. Single-crystal specimens having
films. Because nanoindentation is a nondestructive tech-100 faces were cleaved from ingots in the boule.
nigue, measurements can be performedhensamesample. Neutron irradiations were performed either at the Oak
In measuring thermal annealing effects, only one sample iRidge National Laboratory, Low Temperature Neutron Irra-
needed to obtain the statistical average of the mechanicaliation Facility or at the High Flux Reactor of the Institute
parameters for different annealing temperatures. for Advanced Materials of the Joint Research Center at

(2) Comparison between neutron-irradiated crystals andPetten using fluxes of 2:010'" and 7.8< 10!’ fission spec-
thermochemically reduce(fCR) crystals. The former con- trum n/cnfs (E>0.1 MeV), respectively. The ambient tem-
tain anion vacancies, higher-order point defects involvingperature was in both cases 32280 K.
oxygen vacancies, and oxygen interstitials. TCR crystals are TCR was performed at ~2300 K under 7 atm of Mg
produced under stringent conditions that yield nonstoichiovapor. The result was a nonstoichiometric deficiency of oxy-
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gen ions, an absence of interstitials, and virtually no higher-

order point defects. However, under extreme TCR condiMgoO crystals.
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TABLE |. Neutron doses for seven undoped and four Li-doped

tions, small amounts of oxygen divacancies can be expected

and observed. Divacancies are formed statistically when the Sample Dose(n/cf)
oxygen-vacancy concentration is sufficiently large. MgO(1) 5.3% 105
Optical-absorption measurements in the UV-VIS¢URra MgO(2) 2 0x 106
voilet-visible-infrared regions were made with a Perkin- MgO(3) 6.4x 10t
Elmer Lambda 19 spectrophotometer. Far-infrared data were MgO(4) 1.0x 10Y7
taken with a Perkin-Elmer FT-IR 2000 spectrophotometer. MgO(5) 1.1x 108
Heat treatments were made in flowing high-purity nitrogen MgO(6) 2 4% 1018
gas inside a horizontal furnace. MgO(?) 6.9>< 10t
The nanoindenter continuously measures the load and dis- MaO:Li(1 1.0>< 107
placement of a three-sided pyramidal diamond indenter as it g ) f( ) ' 7
is pushed into the sample. Hardness is obtained as a function Mgo"‘f(z) 2.2x 1018
of indent depth during loading by dividing the applied load ~ MIO:Li(3) 1.0x10t
MgO:Li(4) 1.0x 10"

by the projected area of the indenter tip. The elastic modulus
is derived from the slope of the load-displacement curve
upon unloading as the material recovers elasti¢illy. 30,3538 .. .

Nanoindentation experiments were made with a Nanoin&t 572 nm(2.16 e\).=>*>"*"Cations are also displaced, but
denter lis(Nano Instruments, Inc., Knoxville, TNmechani-  duickly combine with the vacancies.
cal properties microprobe. All tests were performed at room Seven nominally pure and four Li-doped MgO crystals
temperature. Each specimen was tested using the continuol¥§re neutron irradiated to different doses, as shown in Table
stiffness measurement technique developed by Pethica ahgAfter neutron irradiation, the most intense band occurs at
Oliver? This technique enables continuous measurement 252 NM, which has been attributed mostlyRd centers’
the stiffness and the area of contact between the indenter atgoth the two-electroif center and the one-electrén’ cen-
the specimen during indentation. To measure the contad®r absorb at about this wavelength. Therefore this band can
stiffness continuously during an indentation, a very small ad€ considered as due to oxygen vacangi€éhe concentra-
current of known frequency is superposed on the load coil ofion of oxygen vacancies increases with neutron dose. Other
the indenter. This current, which is much smaller than the d@bserved bands, associated with higher-order point defects,
current that determines the nominal load on the indente@reF, at 355 and 975 nm; and the defects absorbing at 572
causes the indenter to oscillate with a displacement ampli?m-
tude and phase shift related to the stiffness of the contact Figure 1 shows the optical-absorption spectra of undoped
area. A comparison of the phase and amplitude of the inMgO crystals irradiated to doses between>51®' n/cnt
denter oscillationgdetermined with a two-phase lock-in am- and 6.9<10'® n/cn?, which went slightly beyond the dose
plifier) with the phase and amplitude of the imposed ac sigfange performed by Cheet al*® (their samples were irradi-
nal allows the stiffness to be calculated either in terms ofted up to a dose of 5:410' n/cnf). The optical charac-
amplitude or phase. The contact stiffness, applied load anigristics and annealing behavior were essentially the same in
indenter displacement can then be used to determine the meoth studies. The 572-nm band grows disproportionately
chanical properties as a function of the indenter depth.

The samples were polished with diamond paste from
Struers and the grain size was am. A good quality of the |
sample surface is essential for accurate and reproducible 30
data. For all the tests, care was taken throughout to establish
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maximum thermal stability of the sample prior to testing.
The thermal drift was less than 0.05 nm/s. An average of ten £
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indents were made in each specimen. Hardness and Young's = 29 X 107 (n/em’)

modulus values were obtained by averaging the results for all
indents at a penetration depth of 2000 nm.

1.0 x 107 (n/em®)

5.3 x 10" (n/em®)

ABS. COEFF. (¢
o

IIl. EXPERIMENTAL RESULTS h
A. Defect characterization - st T
Optical absorption was used to characterize the defects 0 460 360 1 2'00
incurred in the reactor. The well-characterized defect§Bre WAVELENGTH (nm)

oxygen vacanciegprimarily the one-electrorF* centej

which absorb at 252 nrtt.92 eV},*%31(2) oxygen divacan-
ciesF,, which absorb at 355 and 975 n®.49 and 1.27 eV,
respectively,32-3°

FIG. 1. Optical-absorption spectra of MgO crystals irradiated to
different neutron doses. The inset shows the peak position of the
and(3) an unidentified defect that absorbs absorption band at 572 nm vs irradiation dose for MgO crystals.
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. . . FIG. 4. The incremental increase in hardnads against neu-
FIG. 2. Optical-absorption spectra of the 572-nm band in MgO;on dose for MgO and MgO:Li crystals.

(7) crystal after isochronal annealing for 15 min at several selected

temperatures. occupied by a proton and therefore positively charged rela-

o , tive to the latticg.?® The neutral oxygen vacancy had simply
faster than thé, bands with increasing neutron dose. Uponcqnyred a proton, and the optical absorption reflected a
isochronal annealing at increasing temperatures, the peakcal-mode vibration instead.

consistently shifted to lower wavelengths, from 572 to 565
nm2"*The dose at 6910 n/cn? yielded two departing
observations. First, the peak occurs at 567 nm instead of 572
nm (Fig. 1 insel. Second, the peak at 567 nm shifts to higher Nanoindentation experiments were performed in both as-
wavelengths with annealingFig. 2). grown MgO and MgO:Li crystals, before and after neutron
The counterpart spectra of irradiated MgO:Li crystals argrradiation. A constant value of (29015) GPa for the
shown in Fig. 3. The most striking difference between thesé/oung’s modulus was obtained in both types of crystals, in
spectra and those of the undoped crystals is that at doségreement with earlier resufts.Before irradiation, both
below 1x10'® n/cn?, the concentration of higher-order types of crystals showed a hardness value of f®@2) GPa.
point defectgmonitored by the absorption at 355, 416, 423,Hardness increased with dose. At the highest dose of 1.0
572, and 975 niand the oxygen-vacancy concentration, asx 10 n/cn?, hardness reached 128.3 GPa in a
determined by the absorption at 252 rinot shown in the MgO:Li crystal. The increment in hardneddd, which rep-
figure), was much lower in MgO:Li samples, confirming pre- resents the difference between an irradiated and an unirradi-
vious findings®>2® Recently, this suppression of oxygen va- ated crystal, is shown in Fig. 4. We conclude tigl is
cancies has been attributed to oxygen vacancies camouflaigdependent of the presence of lithium impurities and in-
ing as[H ™ ]* centergan oxygen vacancy with two electrons creases with neutron dose.
Hardening of neutron-irradiated MgO crystals has been
1 T previously investigated by flow stress in compression testing
5|7° MgO:Li 1 and microindentation experiments. The observed radiation
— hardening was attributed to interstitial-type deféct3o as-
sess the role played by interstitials, a comparisoi bff is
made between a neutron-irradiated MgO sample and a TCR
1.0 x 10" (n/cm?) n MgO crystal containing comparable amounts of oxygen va-
cancies, 3.410® cm 2 and 4x10'® cm 3, respectively.
The neutron-irradiated crystal was irradiated to 6.9
X 10*® n/cn?. (The TCR sample was also used in Ref.)40.
Both types of crystals have an abundance of oxygen vacan-
cies, as monitored by the absorption band at 252 nm. The
difference is that whereas neutron-irradiated crystals contain
an abundance of interstitials and higher-order point defects,

B. Nanoindentation measurements
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) e it TCR crystals are virtually free of these defects.
400 600 800 1000 1200 1400 The result is thatAH for the neutron-irradiated crystal

was significantly larger than that of the TCR crystal, 3.0 GPa

and 1 GPa, respectively. It is therefore reasonable to con-
FIG. 3. Optical-absorption spectra of MgO:Li crystals irradiated clude that the enhanced hardness is mostly due to interstitials

to different neutron doses. and/or higher-order point defects, such as divacancies.

WAVELENGTH (nm)
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The behavior of the bands produced by irradiation when
ol lool R the MgO:Li crystal is subjected to isochronal anneals at in-
500 1000 1500 560 1000 1590 creasing temperatures is similar to the one already described

for the undoped crystal. However, two observations are
noted. First, after the anneal at 700 K an IR band at
1024 cm ! starts to develop. This band has been previously
attributed to[H~]" centers*>*? This observation indicates
that oxygen vacancies camouflage[&s ] centers® The
However, based on the discussion in Sec. 1V, higher—orde?vomtion_ of the int_ensity of_this band during the t_hermal
point defects can be ruled out as important contributors toanneals is summarized in Fig. 7 reaches a maximum at
hardness about 900 K, and completely vanishes by 1200 K: Second,
' after the anneal at 1100 K the band at 217 nm is absent;
instead a band at about 235 nm is resolved. The latter band
C. Radiation recovery in neutron-irradiated samples has been previously observed in MgO:Li crystals annealed at
temperatures above 1400 K. The defect responsible for this
band is probably related to the association of substitutional

dghium ions and oxygen vacanciés

TEMPERATURE (K)

FIG. 5. Absorption coefficient versus annealing temperature fo
several absorption peaks in M¢0.

An MgO and MgO:Li sample irradiated up to doses of
6.9x10'® n/cn? and 1.0<10'° n/cn?, respectively, were

isochronally annnealed at increasing temperatures above 5 .
y 9 P The recovery ofAH versus the anneal temperature is

K in flowing nitrogen gas. After each anneal both the optical- own in Fig. 6. These results are qualitatively the same as

ngstruprtéon spectra and hardness were measured at room teﬁ?{)se for the undoped crystal. The most noticeable difference

occurs at the highest temperatures; whild approaches to

zero in the undoped crystal, the minimum value fad in
1. Undoped MgO crystals

The absorption coefficients of several optical peaks are 30 — : . : . : .
plotted in Fig. 5 as a function of annealing temperature. The MgO-Li
most intense band was at 252 nm. The major annealing stage HT
occurred between 700 and 800 K for all the bands. By 1000
K most of the bands had virtually disappeared. After the
anneal at 1100 K, a band at about 217 nm was resolved. Its
full width at half maximum(FWHM) was 0.53 eV. This band
appears to be the same as the one observed in deformed
MgO crystals with a FWHM of 0.6 e¥.The defect respon-
sible for this absorption has not been identified. These results
indicate that annealing of neutron-irradiated crystals results
in the same defect produced by plastic deformation. At 1500
K the deformation band vanishes. or

Figure 6 shows the recovery dfH versus the anneal 00 eoo s 1200 1800
temperatureAH remains practically constant until 1000 K
and decreases very rapidly at higher temperatures. By 1400
K, AH becomes negligible, indicating that the preirradiation  FIG. 7. Absorption coefficient of theH ~]™ center band versus
hardness has been restored. isochronal annealing temperature for MgQ4)i
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MgO:Li is ~0.8 GPa. This value is due to the emergence oPbserved at 1100 KFig. 6), which can be accounted for by
an absorption band at 690 nm, associated with the presenéze emergence of the 217-nm band.

of [Li]° centers. The linear configuration of this defect is Concerning the suppression of the 252-nm band in
Mg2*-02"-Li*-O~, where O refers to an oxygen ion with MgO:Li, we note thatAH is unaffected by the presence of

a trapped holé>“6 The 690-nm band has been previously“thium (Fig. 4). This result suggests that the concentration of

; ai P i itials, and to a lesser extent, oxygen vacancies
observed in MgO:Li crystals oxidized at temperatures abov@*Y9€n interstitials, . =nt, CIf
1100 K. Our experiments were performed in nitrogen ga nd higher-order defects, is the same in MgO and MgO:Li.

with some residual oxygen content. An increase in hardnesg(i‘ecsia btglivéofg g;cror%()ggeunnlivkzclar:glebz gS:et:)V(ter?e ?;anegftron
in MgO:Li after oxidation has been reported earfier. y

oxygen interstitials. This interpretation is compatible with
our finding that protons were trapped by oxygen vacancies,
IV. DISCUSSION thereby camouflaging oxygen vacancied Hs ]* centers.

We shall now estimate the contributions of the three com-
ponents(oxygen vacancies, higher-order point defects, and
interstitialg in neutron-irradiated crystals tAH. As noted Oxygen vacancies, oxygen divacancies, and a dgject
above, neutron-irradiated crystals contain oxygen vacanciegpsorbing at 572 nm were spectroscopically characterized in
higher-order point defects involving oxygen vacancies, andiominally pure and lithium-doped MgO in the dose range of
oxygen interstitials. On the other hand, thermochemically re10"— 10" neutrons/crh by optical absorption. In MgO:Li
duced crystals contain oxygen vacancies and virtually nongrystals irradiated with neutron doses below'®1@/cn,
of the others. For the MgO crystal irradiated to a dose oftardness measurements confirm that most of the oxygen va-
6.9x 10'® n/cn?, the oxygen-vacancy concentration wascancies are camouflaged [@$7]" centers! _
3.4< 10 cm~2 andAH was 3.0 GPa. For the TCR crystal Young's mpdulus a.nd hardness were determined by a
with comparable oxygen vacancies X40' cm 3), AH nanoindentation technique. A constant value_ of (296)
was 1.0 GPa. This indicates that in the neutron-irradiate™@ for the Young's modulus was measured in all the crys-
crystal the contribution of oxygen vacancies A was tals,_lndlcgtmg that'thg e!astlc properties are no_t |nfl_ue_nced
about 30%. To estimataH for higher-order point defects by either lithium or intrinsic defects produced by irradiation.

relative to that of oxygen vacancies, we obtain the ratio of?S"9rown crystals show a hardness value of ¢9012) GPa.
the areas under the curves for the 355-, 572-, and 975-nrhn€ incremental increase in hardness with dose is indepen-
bands to that of the 252-nm band when plotted on photoifent Of the presence of Li ions.

energy scale. The ratio is0.01. Therefore the contributions A compari_son C,’f the incremental in.crease in hardmﬂss
of the higher-order point defects thH is negligible. The of a neutron-irradiated MgO crystal with a thermochemically

errors will be small, even if the oscillators strengths of the'®duced MgO crystal, which contained only oxygen vacan-

bands are appreciably smaller than unit, or that the 355- ang§l®S: réeveals that 70% dfH is contributed by oxygen inter-

975-nm bands are electronic transitions from the samgttials and 30% by oxygen vacancies; higher-order point de-
defect® This leavesAH=2.0 GPa from interstitials. We €CtS make a negligible contribution.

_conc_lude that the major cc_)ntrlbu_t(_)r to hardness in neutron- ACKNOWLEDGMENTS

irradiated MgO crystals is interstitials.
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