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Porous, 3-D forms of graphene developed at
MIT can be 10 times as strong as steel but

much lighter
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A three-dimensxnal graphens assembhy
2lenctron roscope Image of a graphen

[insert, scake Bar, 20 pm). Credit: Gin et al. &

2731801536

A team of researchers at MIT has designed one of
the strongest ightweight matenals known, by
compressing and fusing flakes of graphens, a two-
dirmensional form of carbion, The new materal, a
sponge-ike configuration with a density of just 5
parcent, can have a strenglh 10 imes that of steel

In ks wo-dimensional form, graphens s thaught fo
be the strongest of all known malerials. But
reésearchers untl now have had a hard time
translating that two-dimensional strangth into
uselul threa-dimensional matenals.

e new indings shaw that the crucial aspect of
the new 3-I forms has more o do with their
unusual geometrical configuration than with the
malerial self, which suggests that similar strong,

lighiweight materials could be mgde from a vanety

of materials by creating similar geometric features

The findings are being reported today in the jourmal
Seoience Advances, in a paper by Markus Buehler,
the head of MIT's Department of Civil and
Emvironmental Engineenng (CEE) and the Mcafes
Professor of Engineering; Zhao Qin, a CEE
research scientist; Gang Seob Jung, a graduate
sludent; and Min Jeong Kang MEng "16, a recent
graduate.

Other groups had suggested the possibility of such
lightweight structures, bul lab experiments sao far
had failed to match predictions, with some resulis
exhibiting several orders of magnitude less strength
than expected, The MIT team decided to sobve the
mystery by analyzing the material's behavior down
b the lavel of individual atoms within the structure,
They ware able to produce a mathematical
framework thal very closely matches experimental
obsersations.
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Two-dimensional materials—bazically fial shaats
that are just ona atom in thicknass but can ba
indedfinitely large in the other dimensions—have
exceplional strength az well a3 unique electncal
properties. But because of their extracrdinany
thinness, "they are not very useful for making 3-0
materials that cowld be used in vehicles, buildings,
or devices,” Buehler savs, "What we've done is 1o
realize the wish of ranslating these 2-0 materials
inta three-dimensional structures.”

The team was able o compress small flakes of
graphene using & combination of heat and
pressure. This process produced a sirong, stable
structure whose form resembles that of some
carals and microscopic creatures called diatoms.
These shapes, which have an enormous swiface
ares in proportion o their volume, proved to be
remarkably strong. "Once we created these 3-0

luson afruchese abtxned They were mechanically tested for their tensile ancd

comprassve properties, and their mechanical
respanse under loading was simulated using the
team's theoretical models. The results from the
expenmeants and simulatons matched accurately,
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Tensile and compressne tests on the printed sample.
Cradit Gin et al. Sci. Adv. 2017301601536

strectures we wanted 1o see what's the imit—ahat's

the strongest possible matenal we can produce,”
says (hn. To do that, they created a varnety of 3-00
mdels and then subjected them to vanous fests. In
computational simulations, which mimic the loading
conditions in the fensile and compression tests
performed in 2 ensile lsading machine, "one of our
samples has 5 percent the densily of steel, but 10
limes the strength,” Cin says.

Buehler says that what happens o their 3-D
graphens material, which is composed of curved
surfaces under deformation, resembles what wauld
happen with sheels of paper. Paper has hiftla
strenglh along ibs lenglh and wadth, and can be
easily crumpled up. But when made into certain
shapes, for examphe rollad into a ube, seddanly the
strength along the lenglh of the ube is much
greaier and can suppon substantial weight,
E_'1|.|‘|'||:{||I!,r. 1F1e UI’_.‘lI_II"“I'II_":fII{Z ACTANGETHET il The
graphens flakes after treaiment naturalky forms a
very strong confiqueation

The mewn configurations hawve been made in the lab
Lming & high-resaluiion, mutimatenal 3-0 printer

The nenw, more accurata resulls, based on alomestic
compulational modeling by the MIT team, ruled cut
a possibility proposaed praviously by other teams:
that it might be possible to make 3-D graphene
structures o lightweight that they would actually be
lighter than air, and could be uzed as a durable
replacement for helium in balloons. The cument
werk showes, however, that at such low densities,
the matenal would not have sufficent slrength and
wiould collapse from the surmownding air pressure

But many other possible applications of the material
could eventually b feasible, the researchers Say.
for uses that require a combination of extrame
strength and Bght weight, Y ou could either use the
real graphene matenal or use the geomelny we
discovered with other materials, ke polbymers or
metals,” Buehler says, to galn similar advantages of
strangth combinad with advaniages in cost,
processing methads, of ather matenal propedies
{such as ransparency or elecincal conducivity ).

"You Gan replace the material itsall with anylhng,”
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Buehler says, "The geometry is the daminant factor.
It's someathing that has the potential to transfer o
marny things."

The unusual geometric shapes hal graphene
naturally forms under heat and pressure ook
something ke a Merf ball—round, but full of holes,
Thesea shapes, known as gyroids, ans so compbex
that “actually making them using conventional
manufacturing methods is probably impossible,”
Buehler says, The team used 3-D-printed models of
the structure, enlarged to thousands of limes their
natural size, for testing purposes.

Model of gyroid graphene wilks 20 nm Iength constant
Cradit: Qinvet al. Sl Adv, 2007 Bet601 536

For aclual synthesis, the researchers say, one
possibility is to use tha polymer or metal particles
as templates, coat them with graphens by chemical
vapor deposit before heat and pressure reatments,
and then chamically or physically remowve the
palymer or metal phases o leave 3-0 graphene in
the gyrowd form. For this, the computational model
given in the current study provides a guideline 1o
evaluata the mechanical guality of the synthesis
oulpul.

The zame geometry could even be apphed 1 large-
seale structural materials, they suggesl. For
example, concrete for & struchure such 2 bricge
might be made with ihis porous geomeatry, prosding
comparable airengih




