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The atomistic mech a nisms be hind the ag ing and re ju ve na -
tion of bulk me tal lic glasses (BMGs) are still un clear. Early 
stud ies on glassy poly mers in the 1950s [1] and de bates in
the late 1990s [2,3] high lighted the chal lenges of ag ing,
which in creases brit tle ness and lim its BMG ap pli ca tions.
Var i ous strat e gies, in clud ing de for ma tion, high-pres sure
tor sion, ion ir ra di a tion, flash an neal ing, and cryo genic
cool ing, have been ex plored to con trol ag ing and re ju ve na -
tion, im prov ing me chan i cal prop er ties. How ever, the fun -
da men tal atomistic or i gins of these ef fects re main un-
re solved.

Re cent ad vances in com puter sim u la tions have shed
light on the struc tural and ther mo dy namic or i gins of ag ing
and re ju ve na tion in me tal lic glasses [4,5]. How ever, the ki -
netic as pects and ex per i men tal val i da tion of these find ings, 
es pe cially those link ing dy namic re lax ation modes to
atomic-scale re or ga ni za tions, re main lim ited. Dif fer ent
stud ies have ex plored cor re la tions be tween stress-driven
pro cesses like shear trans for ma tion zones and dy namic re -

lax ations, spe cif i cally a- and b-re lax ation modes. A newly

iden ti fied g- or b’-re lax ation mode, ac tive at low tem per a -
tures, may be linked to stress inhomogeneities at cryo genic
tem per a tures, but its struc tural or i gin is still un clear due to
ex per i men tal chal lenges.

This con tri bu tion pro vides a deeper un der stand ing of
the re la tion ship be tween struc tural re or ga ni za tion and dy -
namic re lax ations in glassy ma te ri als, par tic u larly bulk me -
tal lic glasses (BMGs). Un der stand ing and ex per i men tally
val i dat ing the atomistic mech a nisms dur ing ag ing and re ju -
ve na tion are es sen tial for im prov ing and ex plain ing the
lim ited duc til ity of BMGs. How ever, many struc tural char -
ac ter iza tion meth ods strug gle to de tect the sub tle changes
as so ci ated with these pro cesses. In this study, we use in situ 
syn chro tron X-ray dif frac tion to ob serve struc tural re ar -

range ments dur ing an neal ing, from 77 K to the crys tal li za -
tion tem per a ture of Cu44Zr44Al8Hf2Co2 BMGs. We
in tro duce a method to vi su al ize sub tle changes in top o log i -
cal or der ing by us ing a con fig u ra tional en tropy equiv a lent
of the ex per i men tally de ter mined X-ray pair dis tri bu tion
func tion (PDF). The sam ples were re ju ve nated through
high-pres sure tor sion (HPT) at cryo genic and room tem -
per a tures prior to an neal ing. Struc tural changes, as in di -
cated by the X-ray-de rived equiv a lent con fig u ra tional
en tropy, are cor re lated with dy namic me chan i cal anal y sis
(DMA) and dif fer en tial scan ning cal o rim e try (DSC) to as -
sess dy namic re lax ations and crys tal li za tion. DMA mea -
sure ments of fer a de tailed view of the re lax ation pro cesses,

dis tin guish ing be tween the well-known b- and a-re lax -

ation modes and iden ti fy ing the pres ence of the faster g-re -
lax ation mech a nism in the glassy ma te rial.
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Iron ox ide nanoparticles (IONPs) are a class of ma te ri als
with ver sa tile ap pli ca tions, rang ing from biomedicine [1]
to ca tal y sis [2] and en vi ron men tal remediation [3]. To ex -
ploit their unique prop er ties, such as high sur face area,
mag netic be hav iour, and col loi dal sta bil ity, IONPs are of -
ten syn the sized and sta bi lized us ing oleic acid (OA) to
achieve monodispersed size dis tri bu tions [4,5]. The OA
coat ing plays a cru cial role in sta bi liz ing the nanoparticles,
pre vent ing ag glom er a tion, and en abling self-or ga ni za tion
into mesocrystals with long-range or der [6,7]. With their
high sur face area and atomistic align ment, mesocrystals are 
prom is ing can di dates for elec trode ma te ri als in ca tal y sis or
bat tery ap pli ca tions. How ever, to en hance the sur face ac -
tiv ity of these ma te ri als, the re moval or de com po si tion of
the or ganic surfactant layer is nec es sary. Study ing the tem -
per a ture-de pend ent struc tural evo lu tion of these oleic
acid-coated IONPs is es sen tial for un der stand ing their ther -
mal sta bil ity, phase tran si tions, and mag netic be hav iour,
thereby en sur ing their prac ti cal util ity.

In this con tri bu tion, we pres ent our work on the evo -

lu tion of mag netic phases in maghemite (g-Fe2O3)
nanoparticles upon the ther mal de com po si tion of the sur -
round ing oleic acid ligand layer in the tem per a ture range
be tween 20 and 1000 °C. Us ing in-situ syn chro tron X-ray
dif frac tion and to tal scat ter ing, we ob serve a sig nif i cant ef -
fect of vary ing amounts of oleic acid on the struc tural phase 

tran si tions in the iron ox ide nanoparticles, transitioning
from a spinel to rock salt to cu bic iron. Our find ings pro -
vide valu able in sights into the ther mal sta bil ity mech a -
nisms of oleic acid-sta bi lized iron ox ide nanoparticles,
of fer ing guid ance for their ef fec tive uti li za tion in di verse
ap pli ca tions that re quire ther mal ro bust ness.
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The three-dimensionally or dered mi cro-mesoporous
(3DOmm) car bon with or dered spher i cal mesopores and
micropores in the walls was syn the sised and ac ti vated by
treat ing it at high tem per a tures be tween 973-1173 K un der
CO2 flow. The evo lu tion of mor phol ogy and micro -
structure of 3DOmm ma te rial was stud ied as a func tion of
ac ti va tion tem per a ture us ing the SAXS. A rel e vant phys i -
cal model was de vel oped for the 3DOmm ma te rial: we as -
sumed the spher i cal clus ters of 3DOmm car bon hav ing a
mean size Rc and root mean square de vi a tion of clus ters ra -

dii sRc. The clus ters are filled with an en sem ble of spher i -
cal bub bles ar ranged in face cen tered cu bic (fcc) lat tice
with cen ters of bub bles dis placed by dis tance D and root

mean square de vi a tion sD. In di vid ual bub bles hav ing an
in ter nal core-shell struc ture with di am e ter R, root mean

square de vi a tion sR and shell thick ness d. The SAXS in -
ten sity is as sumed as a weighted sum of in ten si ties cal cu -

lated us ing the de coup ling (DA) and lo cal monodisperse
(LMA) ap prox i ma tions. In stud ied sam ples the mean clus -
ter ra dius Rc lies around 280 nm. The mean dis tance of the
bub bles cen ters D is around 28 nm, which rep re sents the
lat tice pa ram e ter of the fcc struc ture, around 40 nm. The
mean bub ble ra dius de creases from 9 nm in 3DOmm sam -
ple to about 4.8 nm in sam ple 3DOmm-1173 K.
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Fig ure. 1. Mea sured (open blue cir cles) and fit ted (red lines) SAXS pro files of the 3DOmm car bon ma te ri als (a). HRTEM mi cro graphs
of the 3DOmm sam ple (b).


