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Durable Materials for Radionuclide Immobilization

Performance in extreme environments:
Intergrowth of natural
pyrochlore (Py) and
zirconolite (2)

W intense radiation
W elevated temperature

W changing chemical composition G.R. Lumpkin,
.. . . . . Elementg2006
W long-term disposal in changing environment

Complex structural and chemical modifications: lon track in Gd,Zr,0-

w simple defects and defect clusters

(12-MeV C60)

w order-disorder and crystalline-amorphous transformations
w partial recrystallization of waste glasses
w defect mobility and damage recovery at high temperature

Crystalline Wasteforms:
w chemical durable (very low leach rates)
w compatibility for geological disposal

W |arge intake of actinides J.M. Zhanget al, J. Appl. Phys(2010

W concern: radiation effects and crystalline-to-amorphous transformation

THE UNIVERSITY OF
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Crystalline Wasteforms for Radionuclide Immobilization

simple oxides:

complex oxides:

silicates:

phosphates:

zirconia

pyrochlore
murataite

zirconolite
perovskite

zircon*
thorite*
garnet*
britholite
titanite

monazite*
apatite*
xenotime*

ZrO,

(Na,Ca,U),(Nb,Ti,Ta),O4
(Na,Y),(Zn,Fe);(Ti,Nb),O,5(F,OH),

CazrTi,O,
CaTiO,

ZrSio,

ThSiO,
(Ca,Mg,Fe?*);(Al,Fe3*,Cr3*),(Si0,)
(Ca,Ce)s(SI0,)5(0OH,F)

CaTiSiOg

LnPO,
Ca,,LNgx(PO4)y(O,F),
YPO,
*durable heavy minerals
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Pyrochlores: Important Group of Materials

Applications

-

E Exotic magnetic properties
E Fast ionic conductors

spin ice state

E Thermal barrier coatings

E Actinide immobilization

Structure

E A,B,0,00 et

E 2x2x2 supercell of fluorite ordered a .O’»
E 5 crystallographic sites vacancies

Maik Lang — University of Tennessee



Disordering of Pyrochlore under Extreme Conditions

pyrochlore vandont
structure > e vacancies
1% o7
ordered o'~ disordering defect-fluorite
vacancies — structure
A,B,0,0
A,B,0;
amorphization ru/re

Gd,Zr,04

W cation and anion disorder
W retaining crystallinity

W loss of crystallinity

Gd,Ti,O,

Maik Lang — University of Tennessee



Radiation Effects in Actinide-Bearing Wasteforms

1 Courtesy:
Recoil ° ° 0 Dr. William Weber Alpha
Nucleus (UT/ORNL) Particle

Alpha-Recoil Nucleus Alpha-Particle
U 70-100keVion U 45-58MeVion
0 30-40nm Range U 16-22 nmm Range
U Creates More Damage U Creates Less Damage
(~2000 Displaced Atoms) (~350 Displaced Atoms)
e e . e e .
ion S e
iﬂ"‘-?rgeta!m. . . . .
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Radiation Effects in Actinide-Bearing Wasteforms

Recoil Alpha
Nucleus Paricle

log dE/dx —»

nuclear electronic
energy loss (dE/dx), log E energy loss (dE/dx),

Maik Lang — University of Tennessee



Radiation Effects in Nuclear Wasteforms

1022
102"
1020
1018
1018

1077

Cumulative Dose (alpha-decays/qg)

-1015

1016

Pu/Cm
Ceramics

e

IIIII| T IIIII|T| T IIIIIIII T IIIII|T| T IIIIIIII LILBLLLLI

Matural
/ Mineral
Analogues
—— 20 wt% **Pu
— 10 wit% **Pu
—— 5wi% “*Pu
— 1 wt% “°Pu
d Courtesy:
101 102 10° 10* 10° 105 107 108 g2 D William Weber

(UT/ORNL)
Waste Storage Time (years)

lon Irradiation & Computer Simulation provide way to bridge Time Gap (Dose Rate
Effects) between Laboratory Studies and Geologic Time Scales

W.J. Weberetal., J. MaterResearcii3 (1998) 1434-1484
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Simulation of Alpha-Recoil Damage in Waste Forms

Alpha Decay Material

energy release:
M

irradiated layer:
100 nm 7T 1em

lon-beam experiments: MeV enerqies

E more realistic simulation of
radiation effects (nuclear dE/dx)

E small volume of modified material

E many bulk characterizationtechniques

Tandem Accelerator (E < 25 MeV) are not applicable

available in many laboratories

Maik Lang — University of Tennessee




Low-Energy Irradiation Effects in Pyrochlore Oxides

Equivalent Storage Time (years)
10°

Actinide decay in complex oxides 101010 10%
E damage accumulation | : "Of Geramics vith 7 ,
from self-irradiation o 0 g ogf OWHRTRU / .
#B - 0.6 i Y
=] I -
R. Ewing, W.J. Weber, and o;d:\recqe/ o) 'E. 04 ! .
J. Lian, J. Appl. Phys95 (2004  Vacancies E 0.2 / ]
) I ! T
A282060 (1 1] e awvmriinsh v s i
pyroch|ore 10 107 101 10 1020
S.X. Wanget al, J. Mater.Res (1999 Dose (alpha-decays/g)
B.D. Begget al, J. Nucl Mater. (2007) J.Lian et al, Phys.Rev Lett. (200])
GdzTi207 Gd22r207
1-MeV Kr
ions

<=

defect fluorite

amorphous pyrochlore
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Critical Temperature of Amorphization in Pyrochlore

Gdy(Ti1.,2r,9,07

—~ 1x10% x=1, crystalline 10

£ A x=0.5
< e —
2 ® x=0.25 8
o X a c
\cu’ )
) X=O.75, 8
S ~30% amorphpus T
> 15 x=0 1.0 &
c

k<! =
)

3 =
< o
- £
(@) ©
=

© 1X1014 | | | | | 0'1

0 200 400 600 800 1000 1200

critical temperature T, (K)

Maik Lang — University of Tennessee



Simulation of Radiation Effects with Swift Heavy lons

Spontaneous Fission Material

e ot ) Courtesy: William Weber (UT)

energy release:
~200 MeV

irradiated layer:
10em 11 100 em

lon-beam experiments: GeV energies

E differention-matter interactions
(electronic dE/dx)

E large volume of modified material

E accessto many bulk characterization

Linear and ring accelerators (E ~1 GeV) techniques (e.g., X-ray and
available at large user facilities neutron scattering)

Maik Lang — University of Tennessee
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High-Energy Irradiation Effects in Pyrochlore Oxides

Equivalent Storage Time (years)

100,02 A0 10t 107

Actinide decay in complex oxides

E damage accumulation
)

from self-irradiation 9, ‘ _O
ﬁ

ordered O'-

vacancies
R. Ewing, W.J. Weber, and A,B,0g0’
J. Lian, J. Appl. Phys95 (200
(2009 pyrochlore
Gd,TiZrO,

Maik Lang — University of Tennessee
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Amorphous Fraction
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Ceramics with

0.0

10115‘ ““1 U'IT. L ‘:lﬂiﬂ

1;':'19
Dose (alpha-decays/g)

30-MeV Cg, ions

J. Zhang, M. Toulemonde, M. Lang
J.Costantini S.Della-Negra
R. Ewing, J. Mater. Res30 (2015




Radiation Effects: Synchrotron X-Ray Characterization

——-‘"’I

Sample chamber
diameter: 100 em
thickness: 50 em
thickness: 12.5 em

M. Lang, et al, Journal of
Materials Researcli{2015.

2
beam-spot size (~1 cm )

nays

GSI Helmholtz Center (Germany) and

sample thickness, @ _ sample thickness, d Joint Institute for NuclearResearch (Russia

=
- -

167 MeV Xe

Cel,
(18 £ 10} keV/nm

0 20 40 60 8 0 2 4 6 8 10 12 14 16
penetration depth (pum) penetration depth (pum)

energy loss (keV/nm)

D7Au (2.2 GeV)
132Xe (167 MeV)
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Radiation Effects in Complex Oxides: X-Ray Diffraction

A,Sn,0, irradiated with 2.2 GeV 197Au XRD peak deconvolution
e amorphous fraction
I\ Nd28n20T szSﬂzDT l . {,—{'I,-,'@-i-ﬂ”'m'
. . WD) =
3%x10" ions cm™ fﬂ[ ] 1 — (@)t"_ ad+op®
| ~ || Ta
— ;.I'-A_._mu.__
8x10" ions cm” 1'{}_ DAL AL A B B . C b
z 1 ®Nd,Sn,0, o
- J.__LL_‘_L < 0] #YSn0; 5
£ - 1 ®Y¥b,Sn,0 - =T
S 5x10' ions cm™ _E 20 ?}E' e
= | H | I | | S 061 ]
g l“'"‘_') -"-—__J = . 'fr --"'i
o @ . A o
[= f] .
- 2x10" jons cm™ % 0.4 ) .-”! o ]
o] 1 / J,r” $ [ I ¢ )
1 VO R O 6 T 9 (g -
o 1a e -i-" ; |
N - = ﬁ j}i,-"
unirradiated =1 S d o 0 D-.rr
| | | = |% £| |§r °=§'ﬁ|‘é 0 5 0 15 20 25 30
e —— — e lon fluence (10" ions cm™)

L pLL R LR ILELELELE [
5 10 15 20 25 5 10 15 20 25

20 (degrees) 20 (degrees) C.L Tracy,etal, PRB(2016§ M. Lang, et al, PRB (2009

THE UNIVERSITY OF
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Maik Lang — University of Tennessee




Transmission Electron Microscopy: Track Morphology

Gd,Ti,O4
2.2-GeV 197Au
40 keV/nm; RT

decreasing
energy density

Gd,Ti,O,
1.1-GeV 101Ry
20 keV/inm; RT

Maik Lang — University of Tennessee

changing

composition &

N\

decreasing

| temperature §8

Gd,Ti,04
2.2-GeV 97Au
40 keV/nm:; RT

J. Zhang, MlLang, M. Touemonde, R. Devanathan,
R.C. Ewing, W.J. Webed. Mater. Res(2010.

Gd,Ti,O4
2.2-GeV 197Au
40 keV/nm; 8 K
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Limitation of X-ray and Electron Probes

Z-dependence of X-ray (electron) interactions: /"’:;::f‘x\
w X-rays (electrons) scatter off atomic electrons //”!:ﬂ\ \1
! J ,-“'Ir .f/ \\ Voo I"I
w very small scattering contributions from low-Z elements | : ' ';x . AN
E oxygen sublattice basically inaccessible for oxides « N .

w elements with comparable Z contribute equally Incident

< . .. . . C e . _ ) _. - Scattered
E atomic positions of similar cations indistinguishable ~ X*Ray {or slectran)

X-Ray {or electron)

Simulated XRD pattern i Simulated ND pattern
§ e .

« UOQ, - Pristine t : J
= — U0 5 i
S 18 = .
i =
= =
= @
g 5 !_
g g :
.E - —

T T T T T T T T ¥ T y T T ' L ' ' ' ¥ b ¥ ) ! ’ I N
20 40 60 80 100 120 140 40 60 80 100 120 140 160

20 (degrees) 26 (degrees)
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Limitation of Diffraction Experiments

Diffraction experiments:

Incident Scattered

W access to long-range structure of crystalline materials X-rays for electrons)  Xerays (or slectrons)

W no information of medium-range and short-range order
E no structural information from amorphous solids (e.g., wasteglass)

w diffuse scattering discarded during structural refinement
E local defectstructure and disorderinaccessible

Total Scattering: long range

Fourier Trans

Fa

5(Q) -1 (a.uw.)

6- ) s 0[Y0) plOKI DQO

5 10 15 20 25 30 25 50 75 100 125 150
Q (A" r(A)
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Neutron Total Scattering Experiments at ORNL

Large lon Accelerator Facility Spallation Neutron Source
simulation of radiation effects structural characterization

® OAKRIDGENATIONAL LATORATORY
¢\ NEUTRON SCIENCES

maximization of irradiated sample mass minimization of required sample mass

swift heavy ions (large range) intense neutron beam (108 cm2-sec)

Maik Lang — University of Tennessee



Neutron Total Scattering Experiments at ORNL

) OAKRIDOENATIONAL LARORATORY - The Nanoscale-Ordered Materials
'# | NEUTRON SCIENCES e

Diffractometer (NOMAD)

irradiation holder pressed powder
=1 o ] sample
'O W w. e
91|00 T
- 1
9/0\0 iy
| ions |
E neutron wavelength: 0.1 3 A /—\ mu b
E fluxonsample: 108 cm?&ec? [ \ —
- —cm =,
E large detectorcoverage \ /* —! 4
E high-resolution pair — T Alsample holder
istributi ' cutaway side view
] distribution function (PDF) Al sample holder r ( y )
E defects andlocal disorder (front view) 50 - 100 pm
E samplemass: 100mg

Maik Lang — University of Tennessee




Pair Distribution Function (PDF) Analysis

W more intuitive real-
space representation

W pairwise interatomic

distances atom-atom pair type
Bl U-O

> o o —g
2.7 A _ mm U-U
1 2 3 5 6 7

4
r[A]
W position = interatomic distance

W intensity ® coordination number
w width = spread in interatomic distances

Maik Lang — University of Tennessee



Neutron Diffraction: Order — Disorder Transformations

S(Q) -1 (a.u.)

A,Zr,0,
| o | @ | e | h
Dpj Ho| Er [Tm "I_'b

disordered fluorite

E antisite defects
(cations)

E randomization of

\ oxygen vacanci@

/order-disorder \

transformation

1|Gd | Tb | Dy

----- "

Ho

6e
Er

Maik Lang — University of Tennessee
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Neutron PDF: Order — Disorder Transformations

Ho,Zr,0O, (weberite)

Ho,Zr,0O- (fluorite)

Ho,Ti,O, (pyrochlore)
1 Fd-3m R=0105 | ®1 Cemm R_=0.094
54 . : =
z | v un N R z
S 1400 RETR all all 8 < S
o o4 I "_ LR e 1: lf wi ;-‘.“ih“ | : o ©
R UIR LA
h 24 Mo i b i S B W
3 ’ "' i R
5 ﬁ.v__'./m. 7. b VT, SERRN S W—
25 50 75 100 125 150 25 50 75 100 125 150 25 50 75 100 125 150
r(4) r(a) r(A)
J. Shamblin,et al, Nature Materials 15, 507-511(2016.
Veu,
A™ Cation
. XY XX 000
Osygen & superstructure

O
;
@

Superstructure
== D ' D e .

Maik Lang — University of Tennessee

PoP

Defect Fluorite

3°00

Weberite-Type
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Complex Disordering Mechanism in Pyrochlore

J. Shamblin,et al, Nature Materials 15, 507-511 (2016

Er,Sn,O,
40 x lon irradiation
30 -
—_ Ndo.94 22 53 Og.47
< 20 Non-stoichiometry
]
10 A
Ho,Zr,04 _ "
0+ Chemical composition
-10 -
— 71T T r T T ' T r T T ' ' T T
2.5 5.0 7.5 10.0 12.5 15.0
r(A)

E short-range weberite-like and long-range defectfluorite in all cases

~

E intrinsic and extrinsic disorder has same structural behavior

Maik Lang — University of Tennessee




Neutron PDF: Disorder versus Amorphization

G(r) (A)

12 O Pristine L“aﬁi‘;l’m
Er,Sn,0; (O A D) o 8x10'? ions/cm? 0/
ordered /
vacancies
A;B.0:0° AsO;
Disorder
E peak broadening at higher-r
0 12 14 E i el
Dy,Sn,0; (O A A) E r>8 A structure is fluorite-like
. § é g % Amorphization
g8 E reduced peak intensity at higher-r
0- E minimal peak broadening
E r> 8 A structure is pyrochlore-like
41 | | | | | | (undamaged matrix)
5 4 6 8 10 12 14
r(A) E same local structure after irradiation

Jacob Shamblingt al, Acta Materialia (2017)
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Spatial Extent of Local Order in Disordered Materials

0.40
o o Dy,Sn,O, - Amorphous
0359 | o Er,Sn,0, - Disordered
0.30 - R
QN
< «0254 N
—~ z N o \\
= 04 o) .
\\ o
© 0.20 - N
- \\ \n\
0.15 \\\\ \\D I:l_.n__n_-n. _______ o
] O\\ o ____0__..0-—-8""'9-—0
0.10 o @~
T T T T ' ) ' I ' I ' I ' I ' I ' I ' I ' I ' I
2.5 5.0 7.5 10.0 12.5 15.0 6 2 4 6 8 10 12 14 16 18 20
r (A) r.min (I )

Disorder versus Amorphization (box-car refinement)
E Spatial extent of weberite-type structural units from quality of fit (R,y)
E Similar size of local order in disordered and amorphous pyrochlore

Jacob Shamblingt al, Acta Materialia (2017)
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Neutron Total Scattering: Amorphization in Pyrochlore

Neutron diffraction
(long-range structure)

12_’ Dy, Ti,O, 2.2-GeV Au
10 -
S 5.
U
8 600°C
g ___________
n

Maik Lang — University of Tennessee

(short-range structure)

Neutron PDF

G(r) (A”)

1200°C
20 22 24 26 28 30
r(A)
temp. ions f: O‘
<==Pp 00000
‘o.,‘o o
[+}
pyrochlore weberite-like
(ordered) (local distortions)




Analyzing Radiation Effects by Dielectric Spectroscopy

sample —@: electrodes

Broadband Dielectric Spectroscopy
E conductivity from eHz to MHz

| thermocouple

N2 gas E fromroom temperature up to 1400 AC
E under controlled atmosphere

springs .

i E information on damage recovery

> and defectdynamics

@ 1075 .3

Gg) 10-3_3 E,=135eV J‘##,.ﬂr"” 3 30 GeV Au ions

g _?? Jg_,.lr*"'lﬂ :

o1 1077 _a---" o

o) ] oxygen hopping in Dy,Zr,0- 3

8 1U-E 1 N 1 N ] N 1 N 1 N 1 o 1 "
0.85 0.90 095 1.00 1.05 1.10 1.15

1000/K
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Impedance Spectroscopy: Amorphization in Pyrochlore

Event 2 Event 1 pyrochlore + weberite
10° 800 C 575 C /f'
- 12 2 P
% Gd,Ti, O, - 4x10° ions/cm =
10 o | | o]
|
-5
10 ——900°C
‘\E’ 10° —— weberite |
w
b‘é 107 <
10°® °
107° 4 : . — — . , , N weberite |
0.6 0.8 1.0 1.2 1.4 1.6 -
1000/K <
]
E two distinct damage recovery events
~ . .. . .« . 12 . 2
E 250 fold increase in ionic conductivity L —— 8x10™ ions/cm

20 22 24 16 28 a0

Maik Lang — University of Tennessee




Advanced Calorimetry: Amorphization in Pyrochlore

In collaboration with
Alex Navrotsky

Calorimetry: irradiated Dy, Ti,O,

E sharp exothermic event
(recrystallization)

(UC Davis) E broad exothermic event
= [ [, A s (local re-ordering)
- E
2 Kai Cheng, et al,
ActaMaterialia (2018
4 -
-6 r T v T v T ¥ T 1 1 N 1 b
500 [600 700 800 900 1000 1100 1200
Sample Temperature (°C)
l weberite weberite + pyrochlore pyrochlore
<
]
Neutron PDF: | —— eo0c | [ _— oo || — 1200°C
H H 20 22 24 28 28 30 20 2.2 24 26 28 30 20 22 24 286 28 3.0
irradiated Dy, Ti,O, T A) " A) A

Maik Lang — University of Tennessee




Amorphization and Recrystallization in Pyrochlore

PDF + BDS PDF+ DSC
rearrangements within decoupled long- and short-range

amorphous phase c!amage recovery with )
(i) recrystallization at 800 AC and

PDF = pair distribution function (i) local recovery at higher temperature
BDS = dielectric spectroscopy l \
DSC = scanning calorimetry

T=580°C Tt = 800 °C T=1200°C

lon-beam irradiation - Thermal annealing

PDF + BDS 1 PDF + DSC + BDS 1

remaining local order (orthorhombic distortions) only 50% of local distortions are

with 250 fold increase in ionic conductivity recovered at 1200 AC and 50% of
energy still stored in system

Amorphous.

Maik Lang — University of Tennessee



Disorder in High Energy Ball Milled Pyrochlore

In collaboration with Antonio Fuentes Er,Ti,O, pyrochlore Eric O3Quinn, et al, in preparation

Pristine 8x10" ionsiem? 5x10" ionsiem® As Milled 800°C 1200°C
2 4 6 & 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
r{A) i r{A)
lon irradiation as a Heating after mechano-
function of fluence ‘ chemical synthesis
W

Maik Lang — University of Tennessee



Neutron PDF Analysis: Radiation Effects in Waste Glass

waste glass irradiated with 2.2 GeV 19’Au ions %wt  %wt  %mol  %mol
oxide element oxide element
T RALGRREELEEE | SiO, 544 254 574 184
1 ]
I 2- Na,O 35.5 26.3 36.3  23.2
]
) : Al,O; 10.1 5.3 6.3 4.0
: 0+ O 42.9 54.4
< : v total 100 100 100 100
S | . o
O ! in collaboration with
0 Sylvain Peuget
! (CEA France)
! v
[ —— Pristine )
: ——8(10") ions/cm®
24 ==+
10 20 30 40 50 < a
r (A) . 1.61A
E irradiation causes changes in the local

glass framework (now investigated by RMC) |, Si0,-tetrahedra environment

Maik Lang — University of Tennessee



Conclusions

w Use of very high energy ions provide sufficientsample massto apply
advanced bulk materials characterization techniques

w Neutron total scattering with pair distribution function analysis (PDF) is
suitable to characterize various radiation effects in oxide materials:

- cation and anion sublattices (low-Z elements)
- average (long-range) structure through diffraction experiments
- local (short-range) structure through PDF analysis

w Amorphization and recrystallization in pyrochlore is complex involving
two distinct processes that occur over different length scales

Disordered Ordered Amorphous
A . B EeEEE .. y &
v @@ E EReRR SSaees
GrHpapg evesBE HoBuS
f;‘ :.o- = i t Te m ‘?: E’: F] E‘E g .C i - . . .,“.

Er,Sn,0, < Resistant Susceptible Dy,Sn.0,

Maik Lang — University of Tennessee
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Irradiations at High Pressure

/4
SN Eyin (out) =6 GeV
' ‘ . /
v/c'=0.25A t~1.5ps @ =5 tracks/ 100 nm?
- L
-
-
-
- 1 -
. - pe~ 10 eVIata‘ i dE/dx ~ 25 keV/nm
EE‘ 40 |
E 30 . / M. Lang, U.A.GlasmacherR. Neumanr
20 D. Schard C. Trautmann,
E 10 __ range G.A. WagnerAppl. Phys. A2005.
= 4

2000 2100 2200 2600







Inversion in Spinel: Local Phase Transition

! ——MgALO, |
s PDF x=0.2
x=0.4
44 %=0.6
=~ | , ——x=0.8
I 2 —NIAlLO
o .
o ]

[1aq)

Fd3m

2 Octahodral Site @ Large Oclahedral Site @
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Neutron PDF: Disorder in Spinel (Inversion)

Neutron Diffraction
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Recrystallization Studies at High Temperatures

Hydrothermal diamond anvil cell (HDAC)
e Sample-annealing chamber for nuclear materials (up to 1300 K)
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Recrystallization Studies at High Temperatures

Gd,Ti,O- irradiated with 2 GeV 181Ta annealed within an HDAC to 850 °C
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