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M
ost solid materials are composed 
of small crystals (called grains) that 
comprise the same constituents but 
with different orientations within 
the polycrystal. Grain boundar-
ies (GBs) form between two grains 

and control various properties. Adsorption 
of impurities or alloying elements at these 
interfaces can substantially alter a material’s 
properties, such as strength and toughness. 
GB adsorption, also called segregation, can 
transform the structures and properties of 
an interface. Despite the importance of GB 
transitions in engineering materials, they 
are not well understood because of the chal-
lenges in characterizing 
structural transformations 
at the atomic level. On page 
420 of this issue, Devulapalli 
et al. (1) report a detailed de-
scription of a GB transition 
in titanium that is induced 
by iron adsorption. It allows 
the formation of icosahedral 
structures that are forbidden 
in bulk crystals. The observa-
tion suggests new types of 
distinct interfacial structures 
and properties. 

In 1968, first-order GB 
adsorption transitions were 
proposed (2) that were 
based on an extension of the 
Fowler-Guggenheim model 
for surface adsorption (3). 
This model can be derived 
by treating a GB as a regular 
solution (a solution model 
considering pair-wise inter-
actions) (4). A first-order 
adsorption transition occurs 
when the effective regular 
solution parameter, ΩGB (a 
measure of mixing enthalpy 
that is related to adsorbate-
adsorbate interaction at the 
GB), exceeds 2RT (R is the 
gas constant and T is the ab-
solute temperature) (4). This 
corresponds to a discontinu-

ity in the slope of the GB energy versus bulk 
composition curve and a finite jump in the 
adsorption amount at the boundary, which 
was shown in a lattice model for nickel-bis-
muth (5). In addition, a GB transition can 
result in disinct interfacial structures such as 
an ordered bilayer in a nickel-bismuth alloy 
(6, 7) or two types of disordered interfaces in 
a nickel-sulfur alloy (8) .  

In a broader context, GBs can be treated 
as two-dimensional (2D) interfacial phases, 
which are also called complexions to differ-
entiate them from thin layers of bulk phases 
sandwiched between two grains (4). Such an 
interfacial phase is thermodynamically 2D 
because the structural and compositional 
profiles along the direction perpendicular 

to the GB are fixed (there is 
no degree of freedom in the 
third dimension) at the equi-
librium. Such a 2D interfa-
cial phase can have distinct 
structures that are neither 
observed nor stable in bulk 
phases. Consequently, they 
may possess properties unat-
tainable by bulk materials. 

Devulapalli et al. report 
adsorption-induced transi-
tions at a (nearly) symmet-
ric tilt GB in a titanium-iron 
alloy by combining scan-
ning transmission electron 
microscopy and atomistic 
simulations. They observed 
a GB structure with three 
subunits (A, B, and C) in an 
undoped titanium thin film. 
The authors systematically 
varied the amount of iron 
in titanium to study its role 
in the atomic arrangement 
at these GBs. Upon iron 
adsorption (segregation 
 from the bulk material), 
Devulapalli et al. observed 
a transition from the ABC 
structure in polycrystalline 
titanium-iron alloy to one 
bearing icosahedral cages 
with fivefold symmetry. 
Such structural units are for-IM
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of Vps34 worsens the disease phenotype 
(4). This may relate to the multiple roles of 
Vps34, particularly its involvement in the 
initiation of autophagy, given that zebraf-
ish and mouse models of XLMTM are sensi-
tive to dysregulation of autophagy (10, 11). 
Because menadione sodium bisulfite does 
not inhibit autophagy, it could be effective 
without deleterious effects. However, addi-
tional preclinical work is needed to assess 
the benefit of Vps34 inhibition,  either alone 
or in combination with other small-mole-
cule therapies that have shown efficacy in 
the XLMTM mouse model (12). There is also 
the emerging challenge of the underlying 
liver disease in XLMTM. It is intriguing to 
consider whether menadione sodium bisul-
fite may improve—or, instead, potentially 
worsen—XLMTM liver disease.

Vps34 is the primary generator of PI(3)
P, a low-abundance membrane-bound phos-
pholipid that serves as a  signaling molecule 
to regulate membrane trafficking. Vps34 at-
tracts proteins with PI(3)P-binding motifs, 
which in turn are involved with dynamic 
membrane remodeling and initiation of 
vesicle transport. The identification of 
menadione sodium bisulfite as an inhibitor 
of Vps34 by Swamynathan et al. is notable 
in that it selectively acts on the endosomal 
fraction of Vps34 but leaves autophagy un-
disturbed. Also, they uncover that a redox 
checkpoint is crucial for Vps34-dependent 
maturation of the endosome. The authors 
coin the term “triaptosis” to describe this 
new form of cell death promoted by redox-
dependent depletion of endosomal PI(3)P 
(see the figure). Uncovering the function of 
triaptosis in cellular homeostasis and tissue 
biology will require further exploration.        j

REFERENCES AND NOTES

 1. E. A. Klein et al., JAMA 306, 1549 (2011).  
 2. M. M. Swamynathan et al., Science 386, eadk9167 

(2024).
 3. M. W. Lawlor, J. J. Dowling, Neuromuscul. Disord. 31, 

1004 (2021).   
 4. N. Sabha et al., J. Clin. Invest. 126, 3613 (2016).  
 5. C. Kutchukian et al., Proc. Natl. Acad. Sci. U.S.A. 113, 

14432 (2016).  
 6. H. J. Forman, H. Zhang, Nat. Rev. Drug Discov. 20, 689 

(2021).  
 7. H. Sies, R. J. Mailloux, U. Jakob, Nat. Rev. Mol. Cell Biol. 

25, 701 (2024).  
 8. M. J. Iqbal et al., Cell Commun. Signal. 22, 7 (2024).  
 9. F. Pouremamali, A. Pouremamali, M. Dadashpour, N. 

Soozangar, F. Jeddi, Cell Commun. Signal. 20, 100 
(2022).  

 10. J. J. Dowling, S. E. Low, A. S. Busta, E. L. Feldman, Hum. 
Mol. Genet. 19, 2668 (2010).  

 11. H. Tasfaout, B. S. Cowling, J. Laporte, J. Neuromuscul. 
Dis. 5, 387 (2018).  

 12. P. B. Shieh et al., Lancet Neurol. 22, 1125 (2023).  

ACKNOWLEDGMENTS

E.P. and J.J.D. acknowledge support through grants from the 
Canadian Institutes of Health Research and the US National 
Institutes of Health.  J.J.D. has received funding related to 
XLMTM gene therapy from Astellas Pharma, Inc.

10.1126/science.adt2538

MATERIALS SCIENCE

Distinct interfacial structures 
between grains 
 Adsorption transitions at grain boundaries in a polycrystal 
result in structures that are forbidden in bulk crystals 

Scanning transmission electron 
microscopy images show 

three types of two-dimensional 
interfacial phases:  nickel-bismuth 

(top), nickel-sulfur (middle), 
and titanium-iron (bottom) . 
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bidden in a bulk crystal because 
they violate translational sym-
metry but can exist in glasses 
or quasicrystals. As the amount 
of iron doped into the titanium 
increased, the GB transited into 
a series of structures. These ob-
servations confirm a new type of 
2D interfacial phases that have 
quasicrystal-like structures but  
are different from thin layers of 
quasicrystals . Devulapalli et al. 
described these transformations 
as topological GB segregation 
transitions, which are unre-
lated to the topological phases 
in condensed matter physics. 
Instead, these transformations 
indicate interfacial transitions 
that change the topological 
structure of the local bonding 
environment.

The results of Devulapalli et 
al. make an important contri-
bution to the previously known 
cases of 2D interfacial phases at 
GBs. Atomic-level observations 
have shown periodically ordered 
bilayer adsorption of bismuth 
at  GBs in a nickel-bismuth alloy 
(6). An adsorbed bismuth layer 
on each GB facet underwent re-
construction, which changed the 
2D translational symmetry of 
each grain surface (7). For exam-
ple, bismuth atoms adsorbed on 
(100) GB facets went through a 
c(232)  reconstruction, in which 
the adsorbed atoms form a cen-
tered 232 supercell  that was 
double the size of the underlying nickel grain 
surface (7). Another type of interfacial struc-
tures are amorphous-like intergranular films, 
which differ from their crystalline or amor-
phous bulk counterpart. These structures are 
much more disordered but still exhibit par-
tial structural order, as shown in the 2D in-
terfacial phase that is formed anisotopically  
on the (100) GB facets in a nickel-sulfur alloy 
(8). Similar liquid-like complexions can be 
formed by segregation-driven GB premelting 
(structural disordering at an interface below 
the bulk melting temperature) in binary al-
loys such as tungsten-nickel (9). 

Based on the observations made to date, 
three classes of adsorption-based 2D interfa-
cial phases have now been identified (see the 
figure). A 2D crystal-like GB contains highly 
ordered adsorbates, which change 2D trans-

lational symmetries of both grain surfaces. 
An amorphous-like boundary has a disor-
dered interfacial structure with partial order 
within. A quasicrystal-like GB, revealed by 
Devulapalli et al. , can form from  a new type 
of adsorption-driven 2D structural transition 
at an interface. Moreover, GB structural tran-
sitions can also take place without adsorp-
tion. A transition between domino and pearl 
motifs has been observed at a boundary in 
elemental copper (10). Thus, it would be in-
teresting to also investigate GB transitions 
that occur with changes of other conditions 
such as temperature and pressure.

Further studies should investigate whether 
2D interfacial phases based on icosahedral 
cages form broadly at other types of GBs 
and in different materials and the resulting 
properties. In general, studies of GB phase-
like transitions have helped resolve decades-
old mysteries in materials science, such as 
the atomic-level origins of liquid-metal em-
brittlement (6, 7), activated sintering (9), and 
abnormal grain growth (4, 11). For example, 

ordered (6, 7) and disordered 
(8) 2D interfacial phases have 
been shown to cause embrittle-
ment in nickel-bismuth and 
nickel-sulfur, respectively, which 
are two classical GB embrittle-
ment systems in physical met-
allurgy. Analogous to using 2D 
surface phases to improve the 
functional properties of battery 
materials (12), the 2D interfacial 
phases at GBs can potentially 
be engineered to achieve exotic 
properties, such as superior 
ionic conductivity.

Given that bulk phase dia-
grams are arguably the most 
useful tool in materials science, 
computing GB phase diagrams 
can be equally important (13). 
In addition to the common 
thermodynamic potentials such 
as temperature, chemical po-
tentials, and pressure, GB 
transitions can also be driven 
electrochemically by applying 
electric fields to alter the mi-
crostructural evolution of an 
oxide (14). Because adsorption 
at the boundary results in more 
diverse 2D interfacial phases in 
alloys with multiple elements 
than in unary (one-component) 
systems , it will be fascinating to 
further investigate the GB tran-
sitions in multicomponent and 
high-entropy alloys, including 
the emerging concept of high-
entropy GBs (15). j
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Adsorption-induced interfacial transitions
Adsorption of impurities or alloying elements can result in various types of 

structural transitions at grain boundaries. Quasicrystal-like boundaries in 

titanium-iron alloy form fivefold symmetry units, contributing to the previously 

known cases of two-dimensional (2D) interfacial phases.
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Bi, bismuth; Fe, iron; S, sulfur; Ti, titanium.
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