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ABSTRACT: During cement hydration, & H nanoparticles precip- 10!
itate and form a porous and heterogeneous gel that glues together the
hardened product. G H nucleation and growth are driven byjg-2
dissolution of the cement grains, posing the question of how cgment
grain surfaces induce spatial heterogeneities in the formati@ bf G ;-3
and aect the overall microstructure of thal gel. We develop a modgl
to examine the link between these spatial gradientS iH@ensity and E 0-4
the time-evolving ective interactions between the nanoparticles. Usmé a
combination of molecular dynamics and Monte Carlo simulations, we,
generate the 3D microstructure of theSCH gel. The gel network is 1°
analyzed in terms of percolation, internal stresses, and anisotropy, and w
nd that all of these areezted by the heterogeneousSCH growth.
Further analysis of the pore structure encompassed by $hél C
networks shows that the pore size distributions and the tortuosity of the
pore space show spatial gradients and anisotropy induced by the cement grain suddeastur®pdnithe ective interactions
that emerge during hydration are, however, observed to limit the anisotropies in the structure. Finally, the scattering intensity al
specic surface area are computed from the simulations in order to connect to the experimental methods of probing the cemer
microstructure.
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INTRODUCTION fully understand the mechanisms that cause cement to set and

It is well known that soft materials such as gels are formgﬁ’;‘ilgr]]e ensal mgﬁha?é%aelnﬁ)rosgjgis; ?g\’/ﬁelé%%%zp'tiﬁrggs into
under nonequilibrium conditions, and these conditions Caﬁ‘evelo gin ’such z\n understandin
have drastic ects on the nal mechanical and morphological ping 9-

properties of the material. This is certainly the case $or C ab%ﬂ??:\oeg)éee\l/r:a(ljoS%eecr:tsg;f?}g:gcﬁ;?]?cges?rseur:eme;rﬁz tecl)lrous?t
H (calcium silicate hydrate) gels formed during cement P 9 P y

. . 11,12 . . . .
hydration. While cement is usually not thought of in thiﬂu”ng setting. “ “ This is driven by the formatlorllvlng
i
4

context of soft matter, its mechanical properties depend on t \gﬂ'ggspirﬁcrggﬁﬁ daeitgzgﬁlp?égﬁﬁsuoésgmé er?ggle d new
CSH “%Iué which binds together the other hydration q

roducts 2 During the setting process. € H precipitates insights into this nanoscale origin of the macroscopic
P ' 9 gp ; PrECIPRAIES = o chanical propert®<® However, several aspects of how
and aggregates into a gel which becomes denserearmysti

the larger-scale morphology and mechanics of the material

time. It forms a complex pore structure and de.velc’pémerge from its nanoscale components need further
signi cant spatial heterogeneifiesThese morphological investigation

features span from nano to microscales, making cement %he combination of reaction kinetics driving the nucleation

truly multiscale material that is challenging to fully characteé-nd growth of CS H particle$™’ with changing ective
ize. ;

. . : nteraction$*'? drives the nonequilibrium formation of the
Understanding the physical and chemical processes und@r—s H gel. This pathway has a cleaect on the

lying cement hydration is_ of immense practic_:al importan.cﬁicrostructure which shows strong spatial gradients and
Concrete is the most widely used, synthetic construction '

material, and cement is its main binding agent. The productiGm— -
of cement accounts for about 8% of global anthropogenfiteceived: April 2, 2020

carbon dioxide emissiénFhe intelligent design of new, Revised: June 1, 2020

greener cements is a pathway to greatly reduce thoSePlished:June 16, 2020
emissions, but this goal is hindered by an incomplete

understanding of what makes the existing cement work as it

does. The complex hydration kinetics makes it challenging to
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Figure 1Left: We use two sets of parameigra, to consider dierent repulsive strengths. These are labeled ES and LS corresponding to a high
and low repulsive barrier present in early and late stages of the cement setting. Right: A schematic of theacaoisdiouno$ystem. By
considering a simulation volume between two cement grains, we introduce a spatial gradient in the hydration and the pre®ipitation of C
nanoparticles. The cement grain surface is not included explicitly, but rather threaglomhe local, turning it into a spatially varying
guantity.

anisotropy, and it is in this context that the we need tdrhese correlations are highly dependent on ion concentrations
understand the development ofSCH morphology during  and pH!® so the overall interactions change over time as the
hydration. To do so, one important question to answer is hosontinued dissolution of cement alters the solution chemistry.

exactly the way G H forms aects its nal properties. For simplicity, we considexed forms for the ective
Another is how the changing interactions couple to théiteraction during precipitation but investigate tweretit
nonuniform CS H precipitation. forms corresponding to drent hydration times. Strikingly,

We use a mesoscale model to answer these questioting experiments show that the repulsive barrier decreases in
expanding on work which has had success in understandingliieégght, eventually disappearing altogether, during hydration.
role of the changing interactidrand their eects on the  Potentials with competing attraction and repulsion are known
hardened pastéSpecically, we implement a spatial gradientto exhibit complex phase diagrafitsand we focus our
in the C S H precipitation corresponding to the nucleation investigation on the ects of a change in the repulsive barrier
of C S H at cement grain surfaces. Using a wide range dfight. To do so, we assume a generic model for the
computational analysis tools, we then characterizeShelC  interaction potential that allows independent control of the
network, pore structure, internal stresses, and more. This giwégth/height of the attractive well and repulsive barrier
insight into the eect of heterogeneous & H growth 2 s
mechanisms on the overall microstructure, but it also Y() _ A i & Mi AE
demonstrates how thiseet is enhanced or limited by the 2y (1)
features of the interaction potential. In particular, honcontact
repulsion, which is present in the early stages of hydration, cshereA; and A, are constants, and are the length and
limit the density gradients and anisotropy of th® € gel, energy scales (discussed further in next section), respectively,
forming a percolated, porous network at low volume fractiondnd is the inverse Debye screening length. Considering the
These results explain the surprising robustness of$helC ~ fact that these interactions were observed to be very short-
gel against phase separation induced by density gradients exged and that range did not sigamtly vary with pH in the
against the formation of a denseSCH layer at the cement expenmentks,yve X =12and =0.5. The ratio oA/ A,
grain surface that blocks further reaction. Understanding tgets the relative strength of attraction and repulsion, and we
role of the interaction during the heterogeneous formation &fry these so that the depth of the attractive wetdsand
the C S H gel is an important step toward designing newPnly the repulsive barrier height changes for the two
cementitious materials. interaction potentials considered: ES and LS, corresponding
to early and later stages of cement hydrafignrge 1 left).
METHODS The ES potential e_xhibits a stronger repulsive barrié{lwith
9.6 andA, = 12, while the LS exhibits reduced repulsion but a
In our model, CS H nanoparticles are coarse-grained andsimilar attractive well wi#g = 6 andA, = 4. The depth of the
treated as spherical particles ofxead size. An ective attractive well (set by choosing a temperatid of 0.15)
interaction potential is prescribed to these particles thas such that aggregation is energetically favored but the
includes the net interactions mediated using the solvent. Thignamics can be studied over a reasonable simulation time.
physics behind these interactions is a complex problem Auditionally, it sets the barrier height to bie;B2or the ES
itself. It has been studied extensively via both experiments guudential but ksT for the LS. With these choices, the
simulationt®*? ?® The forces at play emerge from the maximum force (obtained frotd/dr, taking the particle size
uctuations of the electrolyte solution ced between the to be =5 nm and the potential well depth 7kgT) is
highly charged GS H surfaces. While we do not include the comparable to the valuebtained from atomic force
solvent and counterions explicitly in the model here, it is theicroscopy measurements for low lime concentr&tions.
correlations between these species that give rise to stronglin the physical system, 86 H does not exist in
attractive noncontact forces betweers G nanoparticles.  equilibrium conditions. In fact, as the reaction proceeds,
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more and more CS H is created from the combination of _ [2 . . . - .

ions and watérThese species are not included explicitly in ~ \/j The simulation volume is a periodic cubic box of
our model, but we mimic this precipitation via a grandside length. = 49.2, in which we perform MD in atwT
canonical Monte Carlo (GCMC) process, where particles agnsemble with a Nosdoover thermostat at temperature
inserted and deleted with a probability given by the metropoligT = 0.15, which is comparable to room temperature when

Monte Carlo scherfie the interaction strength is calibrated to a modulus of 20 MPa
3 for a C S H gel at early hydration tinf@sWe solve the
Reiger Miph 1, & (e Lj) 2) Newtonian equations of motion using the velocity Verlet
algorithm with a time step of 0.002bhe GCMC and MD
where = é ks is the Boltzmann constark, is the simulations here are done using LAMRAPS.

For GCMC exchanges, the simulation box is split into three
regions along theaxis. The top and bottom slices are high
fegions of thickness.3n the case of ES (sBijure J, we
assign gs= 6 , while for the LS case, we set= 1.5. The

temperature, ... is the excess chemical potential, dods
the total change in the energy upon inserting/deleting
particle. In a closed systerg, is associated with all the

interactions between particles and depends on the density aldidle region has thickness 40d lower values gfs= 1

phase equilibria. = :
During cement hydration, the dissolution of cement grain%nd L 1.5, respectively. These values have been

increases the overall concentration of ions in solution ar?glibrated So that insertion s always preferred in the edge
. ' ions, and in the middle regions, it can only happen near
when saturated, they combine to form & G4 moleculé. g 9 y happ

existing clusters.

As we have coarse-grained out these degrees of freedom, thig e simulations, the MD and GCMC parts are connected

usual equilibrium chemical potential is notcant to through the rate parameRIThis is the ratio of the number

describe this. Instead, we consider that the backgrourbql GCMC exchanges to the number of MD time steps, and
chemistry has an ext of producing a net free energy gain yeyious studies have found that vaRjimger the range &
with the creation of GS H. = 0.2 R= 4 can change the demsition:* At highR, more
With this assumption in mind, we takg to have tWwo e insertions/deletions are attempted, and this drives the
components system further from the equilibrium behavior associated with
= oF  chemical 3) the interaction potential. We focus on a relatively high value of
exc  interaction  chemica R=4 where the thermodynamics of the system, dictated by
The interaction term is the usugl,>° while the chemical the interactions, matters less order to investigate whether,

term represents the free energy gain of calcium, silicon, oxyg@€n in these conditions, we could see a coupling between the
and hydrogen coming together to form aSCH nano- spatial gradient and the spednteraction potential. This rate
particle. While the equilibrium value of tre term can be  corresponds to 400 GCMC exchanges attempted every 100
computed (and indeed, it has, e.g., in2@fnd 30), this MD steps, with a variable but approximately even split of 200
chemical term is dcult to estimate. Considering that insertions/deletions each for every GCMC cycle. As we run
densication does not stop during cement hydrafion, the MD and GCMC, particles are inserted into the initially
previous studies have used a value.gfthat favors  empty simulation box, and simulations are run Nintil
insertior* 57,000: corresponding to a volume fraction=00.25. Here,

Here, our scenario is dient because we want &£ H is estimated considering spheres of diameted hence

precipitation to vary spatially. There is a tendency ®rtC computed as = N_: The whole simulations require

to grow at the surface of cement grains or other nucleation . $ oL . .

sites:517 If we consider our simulation box to be part of a porefPProximately 2D steps, with variations that depend on

between two cement graifisgire 1right), the hydration of the interaction pot_enua_l. Thg MD time can be converted into

the cement occurs near the edges of the box, as, primarily, dE?éaé time (hydration time in .the_ experlments) using the

the precipitation of new G H nanoparticles. To implement afgylme”t developed in 85 which indicates thag, log

this, we consider,{2z) to be a quantity that depends on the ‘sim

position. Near the edges, a highgg will favor insertion,

while far from the cement grains, a lowewill discourage RESULTS AND DISCUSSION

insertion unless it is close to existing particles. Using the microscopic information obtained from simulations,
This GCMC process is combined with molecular dynamioge analyze the structural and morphological features of the C

(MD) of the C S H particles. Because of this coupling, thes H gel. First, we examine how the precipitation & &

system exists in a non-equilibrium state where the kinetics|ghds to the formation of a percolating network and the

the reaction (mimiced by GCMC)ext the morphology of  buildup of internal stresses. Next, the consequences of this

the system that evolve in time through MD. TheRatdiich  structure in terms of the size of pores andsidin within

is the ratio of GCMC exchanges to MD steps, can be thougtliem are investigated. Finally, we characterize thec speci

of as setting how fast 6 H particle creation occurs. Wien  surface area and scattering intensity in order to make a

is very high or very low, the behavior of the system would k@nnection with common experimental methods of character-

essentially dictated by either the precipitation kineticing the cement microstructure. The results for the

(GCMC) or by the dynamical aggregation (MD). However,percolation and stresses are presented in reducedmynits (

whenR  6(1), we are in a situation where theSCH ., , and unit pressuré °). For the sections on porosity,

precipitation and the particle dynamics interfere with eactpecic surface area, and scattering, we convert to real units by

other to determine the gel morphology. setting =5 nm to give a sense of the physical scale.
Simulation Details. We usan as the unit mass,as the Percolation and Stresses.The choice of using a grand

unit length, and as the unit energy, which des a unit time  canonical ensemble allows the insertion of particles to occur at
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a nonuniform rate in a way that depends on the state of th@ercolated, system-spanning cluster. During the simulation, as

system. As seenhigure 2the total volume fractionstarts increases, clusters grow and aggregate into a connected
to increase more rapidly as particles are insenidl structure, and these morphological changes also couple back to
saturates because of increasing density and steric repuldlew quickly and uniformlyor not  increases. While the
between particles. C S H clusters eventually percolate in both cases, the way
that structure forms and it:xal morphology are quite
05 03 0.5 di erent.
— ES / To begin examining this process quantitatively, we group
04{] — LS 0.2 % / 0.4 particles into clusters by diang a bonding distanag, We
o ! user, = 1.1 here, corresponding to a bond distance such that
0.3 013 | f 03 two particles are near the minimum of the interaction
, H K potential, after having comed that varying, around this
021 __. Esedge I value does not change our results. It is to be noted that these
—— ES mid bonds and clusters are wed solely by instantaneous
011 __. (sedge distance, but because of the interaction strength ckgken (
— LS mid = 0.15), they correspond to S H particles that adhere to
0.0F each other and do not continuously break and reform over

w0t 107 10;4D 10°  10°  10° time. Cluster percolation is ded as the formation of a
steps . . X . . .

cluster which spans the simulation baxyirandz directions.
Figure 2.Variation of total and local (edge, middlels the Figure 4shows the percolation probability, that is, the fraction
simulations progress. With LS interactions, the nonunifeauis to
a much larger localdi erence between the edge and middle regions.
The formation of a locally dense, crystalline (se€upgorting
Informatio layer near the cement grain surface is consistent with

10 'Percolatlon

e—e Early stage

observations of the inner product or high-densigy B.333* ogl ®® Latestage
Figure Zalso shows localin the edge and middle regions, 8 06

de ned as the 5thick high regions and the 39.thick low 2
region, respectively. Because of thision of particles from 5

the edge, the middle region actually becomes denser than the & 0.4}

edge for a period, starting aroturdl.®® MD steps, consistent g

with observations of nano € H seeds in the solution at
early hydration timés.This reversal ends around= 15%
when the edge starts to increase rapidly. For LS, this also
corresponds to a sudden decrease/uht dn the middle, as 0.0 el L e 0T 018
the dense structure at the edge limitasithn. For ES, the P

increased growth rate at the edge is correlated with an ) ) . )
increased growth rate in the middle. This holds unt22%, Figure 4.Geometric percolation probability as a function dhe

when the deletions in the loweaions balance the diion particles are clustered according to a distanceo€dtd . A cluster
9 is considered percolating if it spans the systexn \inandz

from the edge region. . . . directions. This says nothing about the persistence or rigidity of the
We see a morphologicalafience between the two regions percolating cluster and is a geometriaitien rather than a

which becomes increasingly pronounced as more particles @k&hanical one.
insertedFigure 3shows that particles at the edge tend to be
more clustered and densely packed. In these snapshsts, at
250/0, simulations with both pOtentials show the formation Of@ independentiy generated Systems that formed, in the same
conditions of precipitation ra® interaction strength and
volume fraction , a percolating connected structure. We
gathered statistics from 10 independent samples for each
potential. We see that, for ES, the percolation transition is
more sharply deed, that is, it happens over a narrow range of

. On the other hand, with LS there is a 6% volume fraction
di erence between thest occurrence of a percolating cluster
and 100% percolation. Interestingly, the percolation seems to
correspond with the density cross-over séegure 2at =
15% (where the local at the edge starts to rapidly increase
over that in the middle). This suggests that the percolating
cluster limits particle dision from the edge to the middle
Figure 3.Simulation snapshots, with overall volume fracticdb%, especially for the LS potential. . S .
showing the microstructure for the ES potential (left) and LS In ordgr to understand the m_echanlc_al implications of t.h'$
potential (right). Color indicates the local density, with darker purpl@€rcolation, we looked at the buildup of internal stresses within
regions indicating many neighboring particiesl and we see a h material. US|ng the virial formulation of the stress tenSOI‘,
degree of anisotropy in the gel network which is dependent on ti@ne can dene a coarse-grained local stress tériBorfocus
interaction potential. our analysis on the stresses associated with particle interactions

o
N
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Figure 5.Distributions of local pressure at the edge (circle symbols) and center (square symbols)tsGaasssm plotted as dashed lines.

Pressure

ll

Figure 6.Thin (5 ) slice of our system at= 20% for ES (left) and LS (right). The coloring corresponds to the local pressure, with red being
positive pressure, that is, parts under compressidrblue being negative pressure.

rather than thermal motion, we neglect the kinetic term andistributions, indicating that they are netcévely connected

obtain to allow for stress redistribution. The geometric percolation of
L1 1 a cluster is enough to reduce thaislion but not necessarily
=S— —F'r! to transmit stresses, which suggests that the ES interactions are
Vegi Vog | () crucial to give the product an early mechanical response, as
o T experiments have seen for cement mixtures.
where and indicate the vector components, wihéled] In Figure 6we show snapshots from our simulations=at

are summed over individual partlcles. _Takmg the trace of th_?@%, color coded according to local pressure. As one would
gives us a local pressure which describes the forces a parfigieect from the stress distributions, the system snapshots show
experiences and converges to the total pressure if we expafilsses that are more uniformly distributed for ES. In addition,
the coarse-graining voluvg, For the results presented, we there is no pronounced morphologica¢rdince between the
USeVy = g r.%, wherer, is the cuto of the potential. Small edge and center regions. For LS, there is a clear distinction
variations 0¥/, do not produce any qualitativealences. with most stressed areas lying on the edge of the system, which
Figure Shows the local pressure distributions for two valuea{SO corresponds to local structures that cleatyfidim the
of in the edge and middle regions. They are plotted witi¢dge to the middle (see tBepporting Informatiofor more
Gaussiant lines and show fairly normal distributions within On local ordering). _ _
each region. Around the percolation transition=at5%, we The heterogeneities in density, stresses, and local packing
see that ES and LS have similar distributions, but they apgesent with the LS potential arise because of the spatial
shifted because of the extra repulsion in ES. In both cas@gdient in chemical potentialand are coupled to the
there is a sharply deed value in the middle region, while the anisotropy that develops in the underlying network topology.
edges have a wider spread. Because theitoeath regionis  In @ quantitative sense, this can be probed by considering a
roughly the same (sBegure }, it is interesting that there is random walk on the network graph constructed from the
such a dierence in the stress distributions, indicating that th&onds in structures analyzed so far. The corresponding mean
two regions arrived at= 15% through derent paths, which, squared displacement (Mpis plotted inFigure 7as a
in turn, modied the local morphology and stresses. function of the number of steps taken along the grapk. The
As we add particles and go te 20%, the stresses in the ES andy directions are expected to be symmetric in a statistical
case become more uniform across the simulation box. Thense, and unsurprisingly, the M8a&ng those directions is
center distribution widens and the peak of the edgequal. On the other hand, theirection the direction of the
distribution shifts. Once the connected structure percolatezpatial gradient is set up to be distinct from the others, and
the stresses can be transmitted between regions, and this semeefave shown that there are clear heterogeneities along this
as a mechanism to reduce the initial heterogeneities introduagicection. These have a cleaot on the network graph as the
by the chemical potential gradient. In contrast, the LS sampleglisplacement dérs fromx andy for both ES and LS
maintain the extreme drences in edge versus centerpotentials. Notably, like the other measured properties, this
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Random walk on network sphere is not necessarily centered at the grid poirig IShor

4 algorithm is used tand a local maximum for the radius of a
nonoverlapping sphere, constrained to include the selected grid
point. From this calculation, we generate the pore frequency
p(9, which indicates the fractipof the total pore space that
corresponds to pores of sizdt is to be noted that this
method does not provide the shape of the pores: what we
ES 2 obtain corresponds to the smallest linear size of the pore.
The left panel ofigure 8hows the full PSD with the ES

1021

Brownian

MSD,

10ty potential (PSD for LS potential in theupporting
— Informatio). We see that the peak pore sizexed after
102 103 percolation, maintaining the permeability of the network. The
Time Steps T increasing frequencysat 0.5 nm corresponds to the packing

of spherical particles in high-density regions. There is no such
Do klear trend for the LS PSD, and we must separate the edge and
alongx, y, andz directions from a random walk along the network nter regions to understand what is hapoening. In the riaht
graph corresponding to simulated structures from ES and L€ g pp g. 9
potentials at = 25%. The black line indicates what purely BrowniarPanel ofigure 8we plot the rst moment of the PSD for both
motion would be, and Mg found to be sub-disive. Because of ~potentials, separated into edge and center regions, as a function
the inherently anisotropic way in which the network is created, orgf volume fraction.
expects andnds the displacement alan¢p di er fromx andy. Looking at the ES results through this new lens, we see that
Notably, this dierence and thus the underlylng anisotropy of theihere is a dierence in the porosity across the system=At
network are enhanced for LS, where MSD"for thez direction 5504 the 109 local derence in volume fraction between the
instead of®®as in the other directions. ’ . .
edge and center leads to the pores at the edge being a bit
i ) ) _ smaller. However, relatively speaking, the densitgndie
di erence is far more pronounced with the LS potentiakng consequently the pore sizemince are not very large
demonstrating that the anisotropy in the particle insertion hggith the ES system. On the other hand, the LS system shows a
been built into the network topology. Just as important is theymarkable transformation after percolation. The edge pores
S_bS(larvatlon thatr'] aIthou_glglh ltherle IS somed shn‘tk,]z the rapidly close upjust as the edge shoots up dramatically
h'Sp acementt_ W'tf EtS st cozey dmlr.oora.n Y- TI % ¢ seeFigure 2 while almost paradoxically the central pore
omogenization of Slresses and ordering 1S coupled 10 @[} e start to increase with the increasing particle number. This

erasure of the underlying anisotropy. . : : . 2T .
Porosity. Having characterized the solid network in terms's consistent with the coarsening of the initial structure, which

of its percolation, internal stresses, and anisotropy, it \%ould lead to two s_eparated dens& G layers near t_he
important to understand their implications on the associate St€m edges. Th!$ heterogeneous pore f(_)rmat|on has
pore network. The size, shape, and connectedness of pores equences for d§|on through the pores, which can be
only directly aect the compressive strength but also the longdt@nti ed by performing a random walk in the pore space.
term stability and resistance to fracture of cement. Addition- 1NiS random walk can be thought of as the trajectory of a
ally, the permeability of the pore network is crucial to th@article diusing through the pores, and-igure 9we plot
continued reaction of water and cement. Without this, thée corresponding mean square displacement (MSD). When
reaction area would be completely blockedaoly in the  SPlitintox, y, andz components, the data show that the pore
hydration and stop the reaction. network tortuosity is isotropic for ES but not for LS. With LS,
To start, we compute the pore size distribution (PSD). Thighex andy components are comparable to the porosity of ES,
is generated using the method of Bhattacharya and Glbbindut the z direction displays a higher tortuositydicating
It consists of constructing aite grid, taking points in the reduced diusivity through the pores. As the cement grain
pore space, and determining the largest possible radius ofusifaces are modeled to be alongtti®ction, the dusion
sphere that can there without overlapping any particles. Thisis necessary for the continuation of cement hydration. The

Figure 7.MSD (in reduced units, i.e., particle diameter squared

Early stage pore distribution First moment of pore size distribution
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Figure 8.Left: PSD with ES potential for several volume fractions. The pore frequency describes what fraction of pore space is occupied by por
of a given radius. Right: First moment of the PSD for both potentials as a functiba sblid line represents the lomiddle region, while the
dashed line is for the hightedge.
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Particle diffusion in pores which aects the porosity, and the strength of that barrier
controls how important this length scale is.

From the mean of the chord length distributign we
calculate the specisurface are&, of our system using,
according to ref38 and3%

ES r0.15

41S )
% = _\x_ - 7
P I ®)
—y

where is the density of the G H matrix, which is
estimated to be 2.43 g/érfrom atomistic simulatiofis.
0.007 , , , , , Because of the discrete nature of numerical calculations, the
0.00 0.01 0.02 0.03 0.04 0.05 chord length distribution is computed withnie cuto |,
Time [ms] which aects the value &, To obtain the true surface area,
Figure 9. Di usion through the pore space of the structuresone can calculate this by varyiagd extrapolating to the=
corresponding to the two potentials at 25%. This is computed O limit (Figure 11left).
from a random walk in the pore space. Assuming that a particleThe specic surface area computed dependsdirerently
following this random trajectory moves at soiee speed, one can  for the two potentials. This is something that needs to be
obtain the overall displacement with time. In an isotropic porgonsidered when trying to compare with experimental data.
peir, 1 dsplaceent o b cyeny St euSEenC - edgiresingly, despt e learietint nature of e porosi
displacement along thelirection, indicéting an in’creased tortuosity E.S and LS, we actu_ally end up with quite similar .overall
specic surface areaFigure 11 right). However, in

of the pores along tlzedirection. . ; .
comparison with experiments, we must be careful of these

premature closure of pores could preventcient degree of ~ di erent features and try to understand which parts of the
hydration being reached. porosity an experiment will be able to access. These limitations

Speci ¢ Surface Area.Experimentally, the porosity of will apply dierently to the two gel morphologies correspond-
cement pastes can be characterized in terms of the spednd to ES and LS. .
surface are§,, which is dened as the total surface area of all _ The values reported 8, of hardened cement paste using
pores per unit mass. This is probed by scattering experimeHi€ gas sorption experiments vary in the range of
or by measuring the ability of the material to uptake gases siffProximately 5@00 nt/g.**=***> Meanwhile, mesoscale
as nitrogen or water vapor into pores. From our simulations §imulations have reported valuessf= 347 ni/g ands,, =
is possible to calcul@gthrough the statistics of the pores. In 283 n/g for = 33% and = 52%, respectively. Our results
particular, werst compute the pore chord length distribution, &re clearly sigmantly higher than these values, plateauing
that is, the distribution of lengthsthat randomly drawn ~&roundsy, = 600 nilg at = 25%. However, given ti%f
chords can traverse in the pore space without intersectingl@creases with increasinthat is expected, at the very early

particle. Our results for = 25% Eigure 1pshow that the ~ Stages of hydration, to which our simulations correspond,
experimental measurements are challenging because of how

Chord length distribution ¢ = 0.25 rapidly the material changes. Additionally, there is aagni
1014 guantity of unreacted cement at this stage, skewing possible
experimental results in comparison to our simulations (which
do not explicitly contain cement grains). A study by Suda et al.
suggests that the specsurface area associated wits ¢
only is closer to 20B00 nf/g.*? Finally, one should keep in
mind that no matter how sensitive, sorption techniques only
access well-connected pores of theisnt size. If we take a
107 largetl. such that only pores of diameter greater than 3 nm are
consideredy, falls to be about 300%y. Alternatively, if we

10—2 4

Chord density
=
<

- ES

1073 o look at results from more sensitive small angle X-ray scattering
: , ‘ experiments, the values &f > 500 mig have been
10° 10! 10? reported:*®

Chord lendth [nm] Scattering. In addition to measuring the specsurface
Figure 10.Chord length distribution shows the length of chords@r€@, neutron and X-ray scattering experiments have been used
drawn randomly in the pore space. The results with ES show a mdfe Characterize the microstructure of cement pastelsare
pronounced peak at intermediate sizes due to the well-controlled p@ge of the most powerful tools to do so. The usual way to
size. computd(q) is as the Fourier transform of the autocorrelation
of uctuations in local density,

1 ~ ~ .
chord length distributiqxl,) for ES exhibits a local peak,at AN =5 d((r) S)((r+Yy §), of our simu-
= 10 nm, consistent with the data in the PSD (peaked at potated microstructures-igure 1), where (r) is the local
radiuss= 5 nm) ofFigure 8and demonstrating that there is a density and the average densifyin case of an anisotropic
characteristic size associated with the porosity foa ES medium, this computation is more involved because of the
feature that is less pronounced for LS. The repulsive barrierneed to compute,(r) for each orientation af prior to
the two potentials introduces a length scale to our systeperforming the 3D Fourier transform.
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extrapolation for dérent volume fraction.

Figure 11Left: The specct surface area as a function of the chosen chord lengtByutiing the calculated data point$th) =

of these 2D scattering patterns is performed using an averaging
angle of 15 A comparison of the two methods is presented in
ref 46, showing a very good agreement.

Because of the anisotropy in the structure, the choice of
optical axis for the scattering naturallgcts the results
obtained. Because of the symmetries in our systaranthe
directions are equivaleranisotropy is associated with zhe
direction, that is, the-gradient direction. If one considers an
optical direction along a npaxis, the and density gradients
produce clear dérences in the logscattering intensity along
the z direction compared to theor y direction Eigure 1R
For both ES and LS potentials, the scatteringzadoigpits a
low g structure (instead of a plateau as atargy direction),
which is consistent with the system-spanning density gradient

Figure 122D projection of local densities in the LS structuresat  alongz direction. The higly scattering is instead dominated

25% when looking down t@xis. The darker regions correspond to Hlati i i i
higher density. Scattering intenKityy can be computed from the ggrti'[3§§7080|llatlons typicalf monodispersed  spherical

autocorrelation ofuctuations in the local density(). . . .
%) One can also consider just the scattering from the center

A second way, more numerical tractable, was proposedrﬁglon of the sys_tem (green tnangldélgu_re 13 L_|m|t|ng
refs45 and 46 This a two-step process. First, a projectiorUrSe€lves to this region reveals an interestiegenie
image of the chosen 3D binary structure is performed eithBEtween the two potentials. With LS ztkeattering deviates
along thec or y or z direction. Second, a 2D Fourier transform ffom y scattering in the low center region as well
of this projection is calculated. The associated spectral dendlighlighting that the anisotropy in the structure goes beyond
gives directll(q,, g, &) with eitherg, = 0 org, = 0 org, = 0. the large dierence in density, stresses, porosity, and so forth
For example, the projection along the opticax aikallow between the edge and center regions. On the other hand, for
one to get the 2D pattetfr, = 0,0, @,). To estimate the level ~ ES, this split leads to a suppression of scattering anisotropy and
of anisotropy, an angular average along the principal directigneduces a curve which matches the scatteringkalbimg

Optical axis: y Optical axis: x

—a— ES gx 109 ~ —=— LS qy
o 108 - ES qz -~ o LS qz
= —— ES center qz = ; —— LS center qz
c c 10
2108 I
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Figure 13 Scattering intensity computed for both potentials for varietsntlioptical axes. The intensity is split into components akmegdi
directions to highlight anisotropy. The scattering componentzaloegs from the others at lapwecause of anisotropy in the structure.
Surprisingly, for ES, thiseet is suppressed if we consider only the center regéaming all of the measured anisotropy is due to the density
variation across the whole box. Meanwhile, for LS, even the center region alone deviatesnidgraciitering. The structure is anisotropic
even at scales smaller than the system-widelient. The high oscillations are consistent with having monodispersed spherical particles.
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suggests that the anisotropy is due entirely to thenites  These discoveries give insight into how the growth of

between the high and lowregions. nanoscale components builds up the overall microstructure
The anisotropy induced by the cement grain surfaces cement hydrates and how it depends on the interactions

manifests itself in our calculated scattering intensity. Forb&tween the nanoparticles. Such an insight is an important step

macroscopic sample, these grains would be distributéslvard understanding how an alternative cementitious material

randomly and give an overall isotropic response becausecofild behave through the changes in chemistry and thus the

the statistical averaging of the results. The isdtfgphas e ective interactions.

been computed using similar mesoscale models for high

volume fractiorfs, and it was found to match experimental ASSOCIATED CONTENT

measurements of scattering intensity. It isutti to make _ _

such a connection using our simulations because of limitations Supporting Information

of the system size at lapand the eects of particle size The Supporting Information is available free of charge at

monodispersity at higlp Nonetheless, this calculation has https://pubs.acs.org/doi/10.1021/acs.jpcc.0cQ2944

revealed interesting diences in the anisotropy of ES and LS

systems. Future studies can expand on this to make a direct

connection to scattering experiments.

Local ordering and signatures of locally crystalline or
Bernal spiral-like structures. Full PSDs for both
potentials PDP

CONCLUSIONS

We used MD and GCMC simulations to investigate #ut e AUTHOR INFORMATION

of C S H growth in the presence of spatial gradients of C .

S H precipitation and of the changingaive interactions ~Corresponding Author _ .

between CS H nanopartides on the overall morpho|ogy of Emanuela Del Gado Department of PhySlCS, Instltutg for SOft
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nanoparticles, we observed how the precipitation at cement Washington, D.C. 20057, United Etatesst.org/0000-

grain surfaces leads to spatial gradients in density which 0002-8340-029Bmail:ed610@georgetown.edu

develop over time but depend on the features of t6eHC
interactions. With the ES interaction, we discovered Authors , ,
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