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Abstract:

Geopolymer foams are promising sustainable lightweight materi@mbiring insulation
efficiency with interesting mechanicaland fire resistanceproperties. Controlling their pore size
remains challengindpecauseintrinsic foam agingprocesses acbefore hardening.We highlight a
physical approacho counteractng agingprocesses irfresh geopolymerfoams and to maintaiimg
the pore morphology that &s been set initially by mixingnetakaolin suspensiomwith precursor
agueots foam.More precisely, tiis shownthat arrest of foamagingcan be achieved solid particle
concentrationin the suspensioris larger than a critical value which is proved to depend on both
bubble size and gas volume fractiorhis behavioilis understood through lhe jamming transition
occurringfor the metakaolin suspension when confined in the foam netwanoviding significant
solid elasticity against bubble motion¥he general significance of the reported result makes it
useful, as a complement to chemical formulation, for designing morphetogjrolled geopolymer

foams.

1. Introduction

Geopolymerg1l] are potentially interesting construction materialsoffering significant

advantages in terms of G@eduction, as compai to traditional Porland cement, and combining
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mechanical strength with fire resistanc&eopolymer foams are promising sustainable lightweight
materials providinghermal insulation progrties [2]. For such materials, thkigherthe air fraction

the higher the thermal insulatiorcapaciy. Other properties, such as acoustical propertifes
example are highly dependent on thmicrostructureof the materials, i.e. the way the solid matrix is
distributed at the local scaleTo this respect, the size of pores and apertures connecting the pores

are crucial morphological parameters to control acoudt4].

Controlling the pore distribution in light geopolymer foams isowever a difficult task,
whatever the foaming methodhat is usedto prepare the fresh materialchemical foaminggas is
releaed through chemical reacti@), pre-made foam(a socalled precursor aqueous foam is
prepared separately before mixing with the geopolynseispensioly or air entrainment The main
reason for suchan issue is related to intnisic aging of liquid foams throughe three following
processs|[5]: (i) drainage is caused by density di#nce between air bubbles artie suspension
(i) ripening is a gasransfer from smaller bubbles to bigger bubbles\d (iii) coalescence refers to
thin film breakage between two neighbor bubbleBhe magnitudes of those processéspendon
various parameterssuch as bubble sizgas content suffactant type and concentratiorin principle,
the use of appropriate suattant allows for the coalescence process to be counteradiipening
and drainageare expected tdbe partly counteracted by increasirgignificantlythe viscosity of the
suspension interstitial liquid flow is slowed down and associated bubble motiores dampened
Attempt to apply sucha strategy has been made recently by Hajimohammadi ¢6]dlor example.
Equivalently, the time during which aging processes have to be counteracted aivletageously
reduced by accelerating the geopolymerization reactidhis can be achievddr exampleby storing
the suspensiorat moderate temperature before introducing dirf]. Howeverthose approaches do
not guamanty control of the pore morphology, which remains challengingdeopolymer foams,
especially for foam with high air content.

In this paper we propose a new approach to counteragtaging processesof fresh
geopolymer foams and to maintding the microdructure that has been set initially by mixing
metakaolin suspensiowith precursor aqueous foamlt is highlightedthat arrest of foamagingcan
be achieved if solid particle concentration in teaspensionis larger than a critical value which is
provedto dependon both bubbé size and gas volume fraction. In the following, we describe the
materials and methods used in thésudy (section 2). In particular we present our foaming method
allowing to prepare foams with chosen bubble size, gas volumedraathdsuspensiorcomposition.

Then we present (section 3) and we interp(séction 4)our results before to conclude (section .5)



2. Materials and methods

2.a. Materials

We used amactivating solution prepared by mixing Na@blution (mass concentration,G
0.35) with a solution containing Ma (G = 0.08) and SiXG, = 0.27) provided by MERCK KGaA, and
water. The density is' = 1400kg/m® and the chengal composition is given by molaatios
H,O/N&O= 14.68 and SiNa,O= 1.01.The shear viscosity of the activating solution has been

measured to be ¢ 0.069Pa.s.

Metakaolin (MK)particles were provided bfxGS Minéraux (Francérgical M 1200s. Chemical
compositions: Si955.0%, AlO; 39.0%, F; 1.8%, Ti1.5%, KO+NaO 1.0%, CaO+MgO 0.68&
provided by the supplieBET specific surface area is equal tanf@ and mass averagdiameter is
approximatelyQ 2 pum. A picture of the particles as observed with a microscope is presented in
Figure . Among thenumerous particles with size-3um, one can see partice with size close
10um, andseveral large particlesith size upto 30um. Their shape is rather irregular and many

particles have platdike shapeTheir density i§ = 200kg/m®.
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Figure 1(a) Metakaolin particles as observed with a microscope, after drying a dilute water suspension.
(b) Loss (viscous) modulus of the pakt8 & 1.bmeasured by oscillatory shear rheomedis/a function of
time. The deformation is equal #10*, which is small enough to not perturbing the geopolymer setting at

early age and the frequency is equal tdHk

The activatedVIK suspensiasn were prepared by mixing massi j,of the activating solution

with a massa of metakaolin particles. The suspension is characterized by the raijoyY
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an & . Alternatively, the liquid/solid composition can be expressed by the volume fraction of

solid particles in the liquid:

. pP— (eq. 1)

For the present study we have prepared more tha2B0 suspensions each of them being
characterized by& uM 0FY Mt and® ™M+ ; MT& X The subscriptOs refers to the initial
value for those parametersthat is, corresponding to the preparation of the suspensiorhe
chemical composition of those samplessgiven by Si/Al and Na/ALO; ratios, respectivelywithin

the rangesl.8-2.5and1.2-2.7.

Thetypical setting time for the MK pastewas estimated through oscillatory rbeetry tests (see
Figure 1B, similarly to previous studie§3,9]. The starting of the geopolymerization process
corresponds to the sharp increase of thisscous modulus and is observed after more than two

hours Moreover, the viscous modulusf the pasteis almost unchanged during the first hour of

aging.
The followingsurfactantswere used as received:

- AlphaFoamer®ammonium alkyl ether sulfateanionic M = 277g/mol, provided by Stepan.

- Bio-Terge®AS40K (sodium C146 olefin sulfonate)anionic M = 315 g/mol, provided by Stepan.

- Steol®270 CIT (Sodium Laureth Sulfate)ionic M = 382 g/mol, provided by Stepan.

- SDSSodium dodecyl sulfategnionic M = 288 g/mol, provided by Sigraddrich.

- CTABcetyltrimethylammonium bromidg cationic M =364 g/mol, provided bySigmaAldrich

- TTABRtetradecytrimethylammonium bromide)¢ationic M = 336 g/mol, provided by Sigma
Aldrich.

- TEGO® Betair50(cocamidopropyl btaine), amphoteri¢c M = 343 g/malprovided by Evonik.

- ¢ N (X21§@0roctylphenolethoxylate), nonionig M = 625 g/mol, provided bSigmaAldrich

- Tween® 2@polyethylene glycol sorbitan monolaurgteonionic M = 1225 g/mol, provided by
Acros.

- Tween® 8@polyethylene glycol sorbitan mawleate), nonionic M = 1310 g/mol, provided by
Acros.

- Glucopon®25 DKalkyl polyglycosidenonionic M = 420 g/mol, provided by BASF.



2.b. Stability of foam made from the activating solution

Foamabilityand foam stability of the activating solution have been evaluated in the presence
of the surfactants presented abov&ach surfactant solution is obtained by adding a quantity of
surfactant in water which is then added (mass proportions 50/50) to thetivating solution
described previouslyresulting in 8nL of the mixture, introdued into a vessel ofolume w =
50mL. The surfactant quantity is chosen such that the resulting concentration is well above the
critical micellar concentration ipure water(the resulting surfactant concentrations are presented in
Hgure 3). The vessel is closeuhd the solution is agitated by hand during 20s. The volume of foam

producedw is measured right after agitation (t=0) and at time 1h.

2.c.Production of controlled metakaolin foams

In broad outlinemetakaolinfoamsare produced by mixing precursor aqueous foam with the
metakaolin (MK) suspensiatescribed previouslyThe production processonsists otwo steps (as
described inFgure 2): (1) production of the precursor aqueous foam, (2) mixing of the precursor

aqueous foam with théMK suspensiorandin-linefilling of the resultingViK fresh foamin a vessel

step 1: Qpy = 0

o step 2: Qpy # 0 Drained Amount
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Figure 2(Left)Complete scheme of the foaming device used to produckdble MK foars. The device consists
in two mainconsecutivesteps: (step 1) Monodisperse agueous foam production using microfluidics. The control
of the bubble size is made at this step. (step 2) The precursor foam is then pushed with the MK suspension
through a static mixing device and the sample vessel is filled. The proportions of precursor foam/MK suspension
are controlled by tuning their volume flow rates, and these parameters have been shown to skédisalt
porevolume fractionn the solid samies (Middle) Examples of solid samples made with the presented method:
GbRIAAYIE O2NNBalLl2yRa (2 al YL S& T2N) ¢ KAERdnpldof A (A I f
sample for which drainage has occurred, resulting in material with verticaltgemadient. The drained
amount of MK suspension can be measured from the height H observedbatttben of the solid sampte
Drainage kinetics can be assessed from the bubbles rising véloaisymeasured in a spatiemporal picture
(a vertical pixels line is extracted at the same position from the pictures of the sample at different times and it is
used to construct a new picture where height corresponds tespeale and horizontal corresponds to time
The light aad dark lines therefore correspond to the upward motion of the bubllet that the reported
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drainage velocity corresponds to the maximal vahesasured over times<1h, sait is notinfluened by the
setting of the paste

Step 1:Aqueous foam is gemated by pushing both gas (nitrogen) and foaming ligagli€ous
solutionmade from the surfactants described section2.8) through a Fjunction (seeHgure2). Gas
volume flow rated is set within the range 0-10mL.min* by using a gas mass flow controller. The
foaming solution is pushed at volume flow raie thanks toa syringe pump. Tuning the flow rates
ratio 0 j 0 through a TFjunction with a circular crossection of diameter 1.6 mm was found
appropriate to produce blbbles with diameter§O ranging between 80Qim and few millimeters. In
order to obtain smaller bubble sizagpically from 40Qum to 800um, the internal diameter of the-T
junction was reduced by inserting a glass capillary with external diametergfiid dzy’ OG A 2 y Q&
Following the same principleeven smaller bubbles (.0 200 um) have been produced by
reducing the crossection of the glass capillary. This was achieved by using a micropipette puller
(Vertical Micropipette Pullel”-30 from Sitter Instrument). Note that reducing the bubble size
involves decreasing stronglyKS Tt 2¢ NI (S3HQ nUnhlfai the/lage dubbfes, S Y
0 0.5 mL.miff for small bubbles. Generated bubbles are continuously collected into a vertical
glass column (se€gure?2). The average bubble diamet€r is measued using a camera focused at
the wall of the column. As the bubble generation process requires a smmifamount of liquid (i.e.
typically 50% liquid vs 50% gaapd because the column is initially filled with foaming solution,
excess liquid is withdrawn from the column thanks to an overflow outlet (as indicated by flow rate
in Hgure 2). Note thatfor foam made with bubble sizéD m500um, ripening turns out to be
insignificantover the duration of the production step, so monodisperse precursor aqueous foams
were obtained.In contrast, maller bubble sizes were observed to evolve during the prodacstep
because othe ripening processThis can be explained by both the increase of the ripening rate for
smaller bubbleg5] and the decrease of the production rate (larger time required to produce the
same volume of foam) fasmaller bubblesSuchan evolution was efficiently counteracted by using
perfluorohexane as a saturating vapor in the bubbling[§8% Note that forsuch cases, the ripening
process is permanently counteracteHor all cases,om stability was improved during the whole
foaming process by pouring foaming solution from the top of the column [spee 2) with small
flow rate 0 (typically 0.1 0 ). As a result of those imbibition/drainage conditions, constant gas
volume fraction%. ranging from 0.98 to 0.9%as obtained over the most part of the foam column
(i.e. except for the 31 cm at the bottom5]). Note that a quantitatve control of%. can be achieved
by tuningd thanks to predictions from numerical simulations such as those reported in Gorlier et al.

[11] for example.
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Step 2:After production of the required precursor foam volume, the latter is pushed with the
MK suspensiothrough a static mixer (flow focusing device and classical helical geometries). The gas
volume fraction within the resulting/K foam can be adjusted by tuning the ratio of flow rates for

the precursor foam{{ ) and theMK suspensio(® ):

% —— (eq.2)

Similarly, the volume fraction of MK particlesntainedin theinterstitial suspensiofis given by:

. (eq.3)

As expressed by €8).our foaming process involves tladution of the MK suspensiorzquations2

and 3 are used to define the targets fd%. ande , but because ofpossiblegas compressibility
effect, the actual flow rate of the precursor foam may be different from the targeted value.
Therefore, he actual valuesor % ande+ obtained a posteriori for each produced sample have

been calculated as foles: the gas volume fraction is determined from timeeasured density of the

fresh MK foam, " , and the targeted value for the interstitial suspension
: 6 ch " PR R Do % 5 0 p %

% P " gl . Fromthe actual %o value the actual precursor foam flow rates then
determined byn 0 %oj % %o ,as well as the resultinfIK volume fractionfrom eq.3. In

practice, howeverthe measuredvalueswere found to be verylose to the targeted valuesn the
following we reportthe measuredvaluesfor %0 and+ , which were foundrespectively within the

ranges 0.63.92 and0.11-0.25 (equivalently, the L/S valuagre within the range 1.5).

The resulting fresh foam is continuously pushed in a sample vessel of diameatan 26d
height'O =50mm (seeFgure 2-left). Typical volume flow rates for the production of the studied

samples are of the order of I8L/min.The vessel is filled to thep and then closed.

2.d.Following the ging of the fresh MK foam

The aging of the fresh MK foams was studied by taking pictures at the wall of the vessel, right
after filling. Sucta picture is shown irHgure 2. Occurrence of ripening or drainage washer easy

to follow thanks to adequate light contrast between the bubblesrk) and the MK suspension



(light). The drainage process was quantified by measuring the bubbles rising vélocitye latter

was determined from spatitemporal plots, suclas the one presented iRigure 2-right. Note that

the drainageprocessgenerally exhibits a regin@f constant velocity, whose duration depends on the
various parameters of the system, then the drainage velocity decreases because of the intrinsic foam
properties or becaus¢he MK pastestarts to set. In the following we report the maximal drainage
velocitymeasured at the beginning of the drainage pro¢essit not influenced by the setting of the
paste Alternatively, the amount of drained suspension can be assessed in the solid sample by the
height 'O in Figure Zright. The fraction of drained suspension ikerefore given by ratio

d p % O .

2.e.Rheology

Rheometry has been performdilalvern kinexis ultra+) either with MKsuspension®r fresh
MK foams. For suspensionswe usedtwo different geometries: vanén-cup (striated cup of
diameter/depth: 37mm/62.5mm, 4 blades vaneof diameter/length: 25mm/50 mm) and
plane/plane $andblasteddisk, diameter/gap: 6mm/0.5mm). Hastic and losshear moduli were
measuredn the cupin-vane geometry, just after the filling stegi, afixed shear strain amplitude =
410" andat a fixed frequency of 1Hsuch conditions allow for the elastic modulissbe measured
without perturbing the material8,9]). The maximum stress for flow staup was measured in the
planeplane geonetry, at a constant shear rate= 10°s?, after preshearing at 5&™. The viscosity
was determined from a plot afhearstressversus shearate, for shear rates increasing from $@o
50s™ within 3 minutes(logarithmic progression)

For fresh foams, we used the cupvane geometry, just after the filling stept a fixed shear
strain amplitude- = 410" andat a fixed frequency of 1HRecently experimental work performed
on the rheology of foams made with complex elastic media has shown how to deduce the elastic
modulus "O of the interstitial material from the rheology of the foafdilcl4]. Generic curves

"O% O @ pare provided in referencgll], whered ¢, "O0 j ¢ is the elastic capillary number,

with[ e 27 mN/m the surface tension of the lind/gas interface, which allows fé® to be deduced.

2.f. Xray tomography

Images of small samples (i.e. 5x5x10 mm) were obtained with a Ultratom scanner from RX
solutions. Measurement involved a Hamamatsu L10804ayXsource (160 kV) and a Paxscanavar
2520V atpanel imager. All scans were performed at 60 kV and 85 PHA. Frame rate was 3 images per
second and 12 images were aaged to produce one projection (thesulting effective exposure

time was therefore 45 3D tomographic reconstruction was npermed with the XAct commercial
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software developed by RSolutions. Voxel size for the obtained images was 5 um. Pores appeared
black on the reconstructed images and interstitial geopolymer solid was light grey. This allowed us to
analyze the images witthe freeware ImageJ prografi5] to compute the pore size distribution:
First, a closing filter from MorphoLibJ plugiré] with a 2 voxekadius ball element was applied to
reduce noise from the images. Then, image threshold was calculated using the Otsu figth@&D
Watershed from MorphoLibJ was applied, theiwvdxel dilatation filter. Finally, 3D Object Counter

plugin returned the volume § ) of each pore, from which the equivalent pore diameter

I
@6 5 A was calculated

3. Results

Foaming of the activating solution has been evaluated witvesdd surfactants, as shown in
Hgure 3. Several surfactants do not allow foaming of suglsolution, seeSteol (anionicpr Tween
and Triton (nonionic) for exampleNote that such surfactants are sometimes used for foaming
purpose with geopolymer solutions[6,7,18;22]. Note also that precipitates were sometimes
observed(Tween 80 and SDS)ther surfactans allow good foaming but poor stability, S€&ETAB
(cationic) and TTAB (cationic) for examimally, severaturfactants allow good foaming as well as
good stability, i.e. the foam volume is unchanged after 1 hour, see Alphafoamer (anionic) and

Glucopon (nonionic) for example

Results for rheometry performed with the surfactant MK suspensianS £ 2.40° 0.15, or
equivalentlye = 0.20° 0.02 are now presented (seEigure 4. Note that the chosen surfactant
concentrations correspond to concentrations resulting from the mixing step described in section 2.c,
where surfactant is introduced with the foaming ligucontained in the precursobut it is not
present in the initially prepared MK suspension. Distinct behaviors are observed as surfactant is
introduced in the suspension. For several surfactants, the maximum shear stress exhibited by the
start-flow curveis drastically increasedith respect tothe surfactantfree suspension. This is the
case for Steol and TTAB, where the stress ratio is close to 20 and 15 respectively. This behavior is
presumed to be related to a strong interaction of those surfactant$ he aluminosilicate surface
[23,24] On the other hand, several surfactants have almost no influence on the MK suspension
rheology, i.e. a stress ratio close to unity, see for example SDS, Glucopon or Tween. Finally, Bioterge

and TegoBetaihave intermediate behavior, characterized by a stress ratio closedto 3
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Figure3: Volume of foamd) ) made from the activating solution and surfactant (as indicated in
the horizontal axis), t=0 and t=1h after shaking the sample vessel ( =50 mL). Surfactant
concentration depends on the sampbeg/L for Triton,1.5g/L for Tween 82 g/L for Tween 20,
20g/L for Alphafoamerl5g/L for CTABLOg/L for Glucopong g/L for Bioterge30g/L for
TegoBetain20g/L for SDSL5g/L for TTABS g/L for Steol (sesection2.a for more details about the

surfactants)
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18{ g3 ' —
1671 g6
141 2,
0‘1 12 1 2 2 o surfactant-free MK suspension
— S o
0o 10 0 4 : . .
81 0 100 200 300
6 shear strain (%)
4
21
0 J

Figure4: Ratio of the maximurshearstresses measured for MK suspensions, characterizetbby
2.40°0.15¢ =0.20°0.02) with (, ) and without ( ) surfactantduring a start flow experiment at
constant shear rate-(= 10°s%), as shown in the insé&r TegoBetainSurfactant concentration
depends on the sampl8:2g/L for Triton,0.05g/L for Tween 80).12g/L for Tween 20 g/L for
Alphafoamer3 g/L forSDS$2.3¢g/L for Glucopon).04g/L for Bioterge2 g/L for TegoBetairR.5g/L

for TTABQ.4g/L for Steol (sesection2.a for moe details about the surfactants).

The production of MK foams with the studied sutfats has revealed strong differencdsor
each case, the targeted values for bubble size and gas volume fraction wegm6@dd 0.85
respectively.Several surfactants were found to be inappropriate to produce controlled MK foams
with our foaming methodThe reasons for such a result differ depending on the surfactant. Strong
collapse ofMK foam (see Figure2-Middle) was observedor Triton, SDS and TTAB, right after the
agueous foanwas mixed with the MK suspensiadmcreasing the surfactant concentratiaid not fix
the stability issueThis is not surprising as those surfactants were also found to provide poor foam
stability with the activating solution (se&gure 3). For Steol, additional issuarised from the
drastically increased shear stress presented in the previous paragraphi¢see4): aqueous foam

and MK Steol suspension did not mix very well and the resulting MKsfaeme found to be very
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inhomogeneous and exhibited strong aginfween aqueous foams(precursor foams)showed
coalescence issues when transported through the tubes of tloelyction setup, upstream of the
mixing stage. This issue was fixed by increasing the liquid comtéht precursor foam, but this
additional quantity of liguid appeared to be detrimental to the fresh MK foam, where strong aging
effects were observedMK foams obtained from Bioterge, TegoBetain and Aphafoamer exhibited
significant aging before setting, and the resulting solid foams were fourive uncontrdled pore
size(seeFigure2-Middle). Moreover, the corresponding hardened geopolymer foams were fdaand

be fragile. MK foams produced with Glucoposhowed remarkable stability propertieagainst
coarsening.Note also thafor the L/S value studied, draageand ripening processes wesdficiently
counteracted.Actually, for all the samples made with Glucopon, ripening was not observed as soon
as drainage was efficiently counteractdd. other words, drainage is the most critical aging process
within our experimental conditions, and we present a full study of drainage in the following. We
recall that perfluorohexane was used to prevent ripening during the preparation of the precursor
aqueous foam with bubble size smaller th&@0um, so we are not able to discuss about ripening of

fresh MK foams for that range of bubble sizes.

Figure 5shows that the resulting pore size distributions asery narrow due to the use of
monodisperse praarsor foan and to the absence of coarseniri@ie interesting point is that, within
our experimental errorsthe resulting pore sizées equal tothe bubble size in the precursor agueous
foam (see the inset iRigure 5. Suchpore sizedistributions appeard be narrower than previously
reported size distributions for opewell geopolymer foams(see for example references
[7,18,20,22,2830]).

0.025 =
C i 800
2

0.010 Dy, (um)

(a) (b)

Figure 5 Morphology of the solid MK foam®) Picture of a sample seen from abo@e ( 600um,
density =250kg/m?®). (b) Closeup of the samplegdp: 800um, 50 kg/m®; bottom: 800um,
350kg/m?). Circles show pores (solid line) and apertures between pores (dotted live)ufoe
weighted re size distributiofprobability density functiorfpr three samplesThe three Gaussian
curves are plotted with mean and standard dewaatequal to: 20@um and 32um, 770um and
40um, 1070um and 4Qum. Inset: Pore size measure®ifsolid samples as a function of bubble size
measured in the precursor aqueous foam.
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Results for the study of drainage effects for fresh Glucopon MK feaenseported inFigure 6.
For a given bubble siZé = 600um, the fraction of drained suspensiqeeeHgure 2-right) is all the
more significant as both the particle volume fraction (MK particles in the interstitial volume of the
foam)and the gas volume fraction are low (s@gure6a). On the other hand,dr« value as high as
0.23, drainage effects could nbe revealed overtte full range of investigategho values. However,
drainage effects can be observed for = 0.23 if tle bubble size is increased up tontn (seeFHgure
6b), showing that drainage of fresh MK foams is controliéethe same timeby parameters , %o
and’O . This behavior is also evidencedfyures6c-e, where the drainage velocity is reported as a
function of %o, for severab andO values.It is shown here that bubble size is a crucial parameter
to control drainage kinetics: foam made withe sameMK suspensiorfe = 0.17 is draining at a
velocity close to Inm/h when'O = 600um, but drainages insignifican(i.e. the drainage velocity is
smaller than 16 mm/h) if the bubble size is reduced © = 200um. Figure7 shows the drainage
behavior for all the samples, i.@significantor significantdrainage velocitypy plottinge as a
function of %o for all the studied bubbleizesO . One can see that: (i) For a given set of vabdes
and O, increasings allows for drainage to stopped; (ii) For a given set of valesand O ,
increasingso allows for drainage to bstopped (iii) For a given set of values and %o, decreasing
‘O allows for drainage to bstopped An attempt to describe quantitatively the drainage behavior is

presened in the following disgssion.
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Figure6: Drainage of MK foamga,b)Fraction ofdrainedMK suspensigras measureét the bottom
of the samplafter hardering, as a function of gas volume fractiés : (a) for a given bubble size
and several particle volume fractions (as indicated by the values reported for each cyr{®)for a
given particle volume fraction and several bubble siz€¥ (as indicated by the values reported for
each curve). (e) Drainage velocity measured for fresh MK foams made wlithbbles of different
sizes: (cP = 200um, (d)O =600um, (e)O =1000um. Each curve is characterized by a given
particle volume fractiom , as indicatedythe values.
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Figure7: Drainage behavioof fresh MK foams as a function of the studied parametergor
equivalentlydj ™Y, %o and’O . Green symbols represent samples for which drainage is insignificant
(i.e. the drainage velocity is lower than@®m/h). Orange symbolsorrespond to dxinage limited

to the periphery of the sample, whereas red symbolsespond to significant drainage.

4, Discussion

Results show that only a small number of surfactants are suitable for producing metakaolin
based foams, and in fact only Glucopeas found efficient to stabilize the foam films over the full
period preceding the hardening step, and potentially to control the final pore $ipsvever, it
appears evident that although required,the use of the latter surfactant is not sufficient for
controlling the morphology of the hardened geopolymer foam. This is mbedguse of the drainage
processinduced by the density difference between gas bublzded the metakaolin suspensiofihe
ripening process, which results from gas exchange betwedableg wasnot observed for samples
whichwere found to be stable with respect to drainageeeFigure 3, sowe focus on the drainage

process in the following

The drainage of foams made from particle suspension e studied recently[31¢33]. A

major resultfor such complex liquid foams that the drainage velocity can be understood from the
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particle volume fractiorr and a paraeter _ called the confinement parameter. This parameter
compares the particle siZ@ to the size of constrictions in thiBvam network, and expressesrf

monodisperse liquid foam84] as

0 %o — (eq.4)

with 6 %o p ™ Xp %o e ] Xp %o | oP Xp Yo e . Note that for a given
particle size, the confinement parameter increases when the gas volume fraction increases or when
the bubble size decreaseblsing equatiord, _ valuesare calculated for all the data presented in
FHgure7, and a new plot is presented as a function_ah FHgure 8. Note that we used = 2um in
equation 4 although the range of particle sizes has been shown to be spread (see section 2.a and
Figure B). It appears thatthe drainage behavior can be undred through a single parameter,

namely the critical particle volume fraction’ above which the drainage process is insignificant.

It is to recall that drainage velocities have been measured at the very early age of aging, so the
reported drainage bhavior is not at all influenced by the intrinsic setting properties of the pastes.
On the contrary, lhis behavior can be interpreted délse collective jamming of the solid particles in

the narrow and tortuous foam channels: with respect to jamming of Itk suspension at solid
volume fractione * T, jammingconcentrationdecreass significantly wherconfinement effects are

significantin the foam interstitial spaged.e.» © _ is a decreasing function of Figure8 shows that

z

. ™ ¢ | within the investigated range of values. Two remarks should be made at this point.
First,the measured * values aresignificantly smaller thapreviously reported valuef81,33]for the
drainage of foams made with suspensions of spherical partickes0.460.57. Such a difference can
be attributed mainly to thedifference in the bulk jamming concentratiors of spherical and
anisotropic particlesas discussed in more detail in the followiiggcond, the observed power law
behavior fore * as a function of doesnot extend to larger_values.Indeed, it has been shown that
the socalledpatticle exclusion transitionccurs for such large values[31], where the particles are

trapped by the foam channels whereas the suspending liquid is draining.
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Figure8: Drainage behavioof fresh MK foams as a function of the confinement parametgiven by
equationd. Note the logog scales. Green symbols represent samples for which drainage is
insignificant (i.e. the drainage velocity is lower tharf #@m/h). Orange symbolsorrespmd to
drainage limited to the periphery of the sample, whereas red symbols correspond to significant
drainage. The continuous line correspondsto T ¢ 1 . The grey areas (horizontal and
vertical) represenseries of rheologgxperiments performedn fresh MK foams in order to estimate
the elastic modulus of the foam embedded MK suspension

z

Confinement effects are expected to be observedsfor_ +° _ through the increase of
the effective viscosity of the MK suspension that owing in the foam interstitial network As
shown in the followingthe effective viscositgan be deduced from the measured drainage velocity
U (seeHgure 6c-e). Sucha drainageprocessis conveniently described by the Darcy law:

T "0, where'Qk QO 6o is the foam permeability and %o U is the Darcy velocity, i.e.
the superficial flow velocitys]. Foam permeability can be found in literature for the studied range of

bubble size and gas volume fractian  [35]: T Q% O, with

V%o TWITTOP % | p C&P % C& p % , sothe effective viscosityof

the suspensioris related tothe drainagevelocity by equatiorb:

© — (eq.5)

The calculated values have been sortedsbyeral_ values (i.e. 0.1, 0.2, 0.35 and 0.6) and plotted as
a function ofe in FHgure9. Notethat (i) for the sake of generality, we refer to the relativiscosity
of the suspensionj‘ (here‘ is the shear viscosity of thactivating solutiorgiven in section 2a
and (ii)data ofFigure8, i.e.» * _ , now correspond to the divergence of the viscositgch_value is
characterized by a wetlefined viscosity curve as a function of the particle volume fraction, from
“j 1fore MO.1to‘j‘ O Hofore « . Thismeans that particle motions angrogressively

hinderedin the foam networkase increases until they are completely blockats “. Moreover,
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increasing_(i.e. decreasing the bubble size or/and increasing the gas volume fraitiqoglitatively
equivalent to increasing thearticle concentration.These resultsare now compared to literature.

Here we refer to the Kriegddoughertyrelationship[36] for suspensions:

- P — (eq.6)

where 6 and are fitting parameters and correspond respectively to thimstein coefficient

(also calledntrinsic viscosityand to the particle volume fraction at jamming. The Einstein coefficient
takes the valu® ¢& for spheres, and it is known to ireasesignificantly foranisotropicparticles

[37]. ¢ is close to 0.6 for monodisperse sphetag it is expected to decreaskr anisotropic
particles[37]. To this regardithe jamming concentratin of MK parttles in the activating solutiomas

been measuredo be close to 0.3seeHgure 9). Equation6 is plotted inFgure 9 by assuming that

. e « ~ and adjusting the coefficiend. Best agreement was obtained by usihng 89 for allof

the curves, including the one corresponding to the bulk suspension (the latter has been measured

using convational rheometry), which gives clear physical picture for drainageMK fresh foams.
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Figure9: Viscosity of the MK suspension (as deduced from the foam drainage velocity) divided by the
shear viscosity of the activating solution, as a function of the particle volume fraction. Viscosity values
have been sorted by fourvalues (0.10.2, 0.35 and 6). The shear viscosity of the bulk suspension
(as measured by conventional rheometry) is presented for comparison. Values reported for the

observed divergence of viscosity (i.e. insignificant drainage) corresperid_tovalues presented in

Hgure8. Solid linesorrespond to equatiofi with parameters e * ° (as indicated for each

curve) and = 8 (for_=0.1), 8.5 (for = 0.2), 9 (for_= 0.35), 8.5 (for. = 0.6) and 9 (for the bulk

suspension).
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In the following,we focus on the fnsition observed for MK foam stability (ifegure 8) in link
with the mechanical strengthening of the foam embedded MK suspengwaore precisely the
elastic modulusO of the interstitial material imow deduced from the elastic modulus of the MK
foam, as proposed recent[#1¢14]. Therefore, the elastic modulli®%. Fr  of fresh MK foams has
been measuredat early age(see section 2e for experimental detgifor foams withO = 600um,
when @)  is increased while is fixed (vertical series shown by the grey are&dnure 8), and b)

» s fixed while_is increased (horizontal series shown by the grey areaginre 8). Obtained"O
values are presented iAgure 10. As expected,O increases significantly as a functioneof when _

is fixed Hgure 10a). Note however that the measured increase cahie explained only by
variation, as shown bgomparison withthe reported evolutionfor the bulk MK suspension. The
observed strengthening, i.e. a factor 5 with respect to the bulk suspension over thessaraage, is
induced by confinement provided by the foam network. This is clearly highlightegghye 10b,
where ¢ is now constant while_ increases: again a strong strengthening is measured when
confinement increases in the foam netwotkor both cass, i.e. eithere or _ effect, the transition
from unstable to stable MK foam is observed whénexceedsa value close td50 PaNote that
interstitial yield stress can be associated t@® through the relationshipr e 'O - , where-

is the criticaldeformation for which the interstitial material yield¥herefore, the yield stress of the
foamembedded fresh MK suspension is expected to increase significarilyinsreases, that isas

_ increases. This effect is expected to expl#ime remarkable stability observed for systems

characterized by m- *.
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FigurelO: Elastic modulus of the foam embedded MK suspension as deduced from rheometry
performed on fresh MK foams, @3 a function of when_ = 0.15(vertical series shown by the grey
area inFgure8), and (b)as a function of whene = 0.195horizontal series shown by the grey area

in FHgure8). Color codes correspondingfigures7 and 8 are used, i.e. green symbols correspond to
samples thatre stable with respect to drainagglastic moduli of the bulk MK suspension (measured
by conventional rheometry) are presented for comparison.

5. Conclusion

Stability of foamgproduced by mixing metakaolin suspension with precursor aqueous foam
hasbeen studiedn direct link with surfactant used for foaming, metakaolin concentration, faaan

parameters, namely bubble size and gas volume fraction

First of all, it has been shown that numerous surfactants are not suitableciutrolling the
foam morphology within those foaming conditions due to (i) strong foam collapse after mixing
(Triton, SDS and TTAB), (ii) poor miximegulting from surfactaninduced increase of suspension
consistency Bioterge, TegoBetain and Aphafoamec(iii) insufficient stability of the foam films.
However there are surfactants (Glucopon for example) that allow for all of those issues to be

overcome, providing optimal foam films stability over several hours.
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