Dispersion of Short Fibers in Cement
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Abstract: The degree of dispersion of short microfibers in cement, as assessed by electrical resistivity measurement for the case c
electrically conductive fibers at a volume fraction below the percolation threshold, is improved by the use of adrfngmedy, silica

fume, acrylic particle dispersion, methylcellulose solution, and silamel fiber surface treatmefguch as ozone treatmenAcrylic

particle dispersion is more effective than latex particle dispersion.
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Introduction tural or functional properties of cement-based materials is greatly
affected by the degree of fiber dispersion. The attainment of a

Short fibers are used as admixtures in cement-based materials fofigh degree of fiber dispersion is particularly critical when the
the purpose of decreasing the drying shrinkage, increasing thefiber volume fraction is low. A low fiber volume fraction is usu-
flexural toughness, and, in some cases, increasing the flexuraflly preferred, because the material cost increases, the workability
strength as weliPark and Lee 1993; Chen et al. 1997; Chen and decreases, the air void content increases, and the compressive
Chung 1993; Toutanji et al. 1993; Banthia and Sheng 1996 strength decreases as the fiber content incre@¥en and Chung

the case that the fibers are electrically conductive, the fibers maylgg@' . . . . i
also provide nonstructural functions, such as self-sengiog The fiber dispersion is enhanced by improving the hydro-
sensing the strain, damage, or temperatiself-heating(for de- phylicity o_f_the fibers, as the cement mix is water-based._The
icing), and electromagnetic reflectidfor electromagnetic inter- hydrophylicity can be controlled by surface treatment of the fibers
ference shielding, i.e., EMI shieldingChung 2002 prior to incorporation of the fibers in the cement niku et al.

Although continuous fibers are more effective than short fibers 1998a; Xu and Chu_ng 20Q0Furthermore, the fiber dls_;persmn_ 'S
as a reinforcemer(iVen and Chung 1999they are not amenable affected by t_he admixtures tha_t may b? used along V.V.'th the fibers.
to incorporation in a concrete mix and they are relatively expen- z—gﬁsﬁ azdorggt\ljvrﬁshn;]ay bet flinel parrtt|icIF5u (I:? asr S':ga 25“6
sive. Low cost is critical to the practical viability of cement-based ung ch has a typical particie size arou 0.,

. ) . ) : the presence of which helps the fibers break loose from one an-

materials. Thus, this paper is focused on short fibers in cement- . i
based materials. other as mixing occur€Chen et al. 1997; Chen and Chung 1295

Although macroscopic steel fibers of around 1 mm diameter Other admixtures may be polymers such as latex particle disper-

are used, the most effective fibers are usually microfibers of di- sions, which help the fiber-cement bond as well as the fiber dis-
ameters ranging from 5 to 1QOm. For example, carbon fibers persion(Chen et al. 1997; Fu and Chung 1997a,b; Chung 2004

. . i This paper provides a review of the dispersion of short fibers
are pr|cally aroqnd 1@.m in diameter(Chung 1994, !\Ianoflbers. in cement-based materials. The methods for enhancing fiber dis-
of diameters typically around 04Am are less effective than mi-

fib inf ithouah th frocti persion, the factors that affect fiber dispersion, and the relation-
Crofibers as a rein O“’e”_‘e_”t' alt oug t_ey are more € eCtIVeship of fiber dispersion with the properties of the cement-based
than microfibers for providing EMI shieldingdue to the small . 5ria1s are all considered. The use of special mixers to improve
diameter and the skin effocfChung 2001 In general, the

. ) N : fiber dispersion is not considered in this review, because it in-
smaller the fiber diameter igvhich relates to a higher aspect  crea5es the processing cost and limits the field applicalding
ratio), the more difficult the fiber dispersion. Similarly, the

_ i h to the limited availability of special mixers in the figld
smaller the fiber length igwhich relates to a lower aspect ratio The use of microscopy to assess the degree of fiber dispersion

the easier the fiber dispersion. This is due to the tendency foris jneffective, as it can tell if fiber clumps are present, but it is
fibers of a small diameter or a long length to cling to one another. jysensitive to small differences in the degree of fiber dispersion
The effectiveness of a fiber admixture for improving the struc- (akkaya et al. 2008
Although the mechanical properties are more important to
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Fig. 1. Fiber dispersion below the percolation threshdla): poor
dispersion;(b) good dispersion
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colation threshold is between 0.5 and 1.0 volumg®hen and
Chung 1995 The mechanical properties depend on the fiber-
matrix bonding and the amount of air voids, in addition to the
degree of fiber dispersion. However, for fibers that are much more
conductive than the matrix and are at volume fractions below the
percolation threshold, the electrical conductivity of the cement-

based material depends mostly on the degree of fiber dispersion

The greater the degree of fiber dispersion is, the higher the elec
trical conductivity of the cement-matrix composite. In contrast,
above the percolation threshold, the electrical conductivity is
higher when the fibers are segregated along the continuous con

duction paths. Therefore, this paper uses volume electrical (:on-SCeme

ductivity measurement below the percolation threshold to asses
the degree of fiber dispersion on a relative scale. For this reason

Effect of Silica Fume

Silica fume is very fine noncrystalline silica produced by electric
arc furnaces as a byproduct of the production of metallic silicon
or ferrosilicon alloys. It is a powder with particles having diam-
eters 100 times smaller than portland cement, i.e., mean particle
size between 0.1 and O2m. The SiQ content ranges from 85 to
98%. Silica fume is pozzolanic.

Silica fume used as an admixture in a concrete mix has sig-
nificant effects on the properties of the resulting matg@iung
2002. These effects pertain to the strength, modulus, ductility,
vibration damping capacity, sound absorption, abrasion resis-
tance, air void content, shrinkage, bonding strength with reinforc-
ing steel, permeability, chemical attack resistance, alkali-silica re-
activity reduction, corrosion resistance of embedded steel
reinforcement, freeze-thaw durability, creep rate, coefficient of
thermal expansiofiICTE), specific heat, and thermal conductivity.
In addition, silica fume improves the degree of fiber dispersion in
mixes containing short microfibef€hen et al. 1997; Park et al.
1999; Pigeon and Cantin 1908
" Ata carbon fibe(15 wm diameter~5 mm length content of
0.35%][ below the percolation threshol@hen and Chung 199%
cement mortar exhibits an electrical resistivity of 1.59
X 10° Q.cm(+4.5%) in the absence of silica fuméCao and
Chung 2001k In the presence of silica fum@5% by mass of
n}, the resistivity is reduced to 1.2310° ().cm (£3.9%)
(Table 1 (Cao and Chung 2001bConsistent with the reduction

.

the paper is focused on carbon fibers and steel fibers, which are" electrical resistivity is the increase in tensile strength from

electrically conductive.

A related technique is alternating curre(AC) impedance
measuremen(Shui and Stroeven 1999which is more costly and
complicated than direct curreqDC) resistance measurement.
This paper addresses the DC method.

Effect of Admixtures Used along with Fibers

Admixtures used along with the short fibers in the cement mixture

1.04£0.11 to 1.45+0.11 MP@able 1 (Cao and Chung 2001b
The reduction in resistivity is an indication of an improvement in
the degree of fiber dispersion.

Effect of Polymer Solution

Due to the need for water in a cement mix, polymer solutions
based on water are more suitable than those based on other sol-
vents. Methylcellulose is a polymer that is soluble in water.

At a carbon fibef15 pum diameter;~5 mm length content of

can cause an increase or decrease in the degree of fiber dispeB.35%[below the percolation threshol@€hen and Chung 1995

sion. Admixtures include silica fume, polymer particles, water-
based dispersions, polymer water-based solutions, and silane.

in the absence of silica fume, the electrical resistivity of cement
mortar is reduced from 1.5910° Q).cm(z4.5%) to 0.68

Table 1. Volume Electrical Resistivity and Tensile Strength of Cement Mortars Containing 0.35 Volume % Short Carbon(Eshens Diameter;

~5 mm Length: Silica Fume(SFH (Cao and Chung 2001b

Resistivity Tensile strength
Organic admixture Apparent (10° Q-cm (MPa)
amount water/cement
Organic admixture (% by mass of cement ratio Without SF With SF Without SF With SF
— 0 0.35¢ 1.59+4.5%) 1.13£3.9%) 1.45+0.11 1.04+0.11
Methylcellulose 0.4 0.350 0.68+2.8%) 0.31(+3.1%) 2.26+0.08 2.36+0.06
Acrylic 10? 0.297 0.67+£6.9%) 0.55+5.3%) 2.15+0.08 2.26+0.07
Acrylic 15° 0.270 0.56+4.3%) 0.49+5.1%) 2.49+0.13 2.54+0.11
Acrylic 20% 0.244 0.58+6.0%) 0.51(+3.1%) 2.56+0.20 2.46+0.09
Styrene acrylic 19 0.295 1.01+4.9%) 0.93+3.4%) 1.98+0.14 2.04+0.10
Styrene acrylic 1% 0.267 0.96+4.0%) 0.85+5.2%) 2.07+0.20 2.28+0.15
Styrene acrylic 20 0.240 0.88+5.1%) 0.77+4.6%) 2.23+0.12 2.41+0.09
Latex 16 0.298 0.66+5.8%) 0.56+4.7 %) 2.02+0.15 2.19+0.13
Latex 15 0.272 0.70+9.3%) 0.63+3.7%) 2.25+0.17 2.49+0.11
Latex 26 0.246 0.89+7.7%) 0.70+6.1%) 2.08+0.20 2.40+0.08

“Including mass of water in the dispersion.
bSame as the true water/cement ratio.
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X 10° Q).cm (x2.8%) upon addition of methylcellulos®.4% by 2
mass of cement(Table ) (Cao and Chung 2001bConsistent
with the reduction in resistivity is the increase in tensile strength
from 1.04+0.11 to 2.26+0.08 MPérable ) (Cao and Chung
2001b.

The reduction in resistivity is an indication of an improvement 18+
in the degree of fiber dispersion. The presence of methylcellulose, "
which is not conductive, presumably at the fiber-matrix interface, |
is expected to increase the resistivity of the mortar. In spite of
this, the resistivity of the fiber mortar is decreased by the meth-
ylcellulose addition. The increase in tensile strength upon meth-
ylcellulose addition is consistent with the increase in fiber-matrix
shear bond strength upon methylcellulose addiffeusnand Chung
19983.
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Effect of Polymer Particle Dispersions

Due to the need for water in a cement mix, polymer particle
dispersions based on water are more suitable than those based on - ®)
other liquids. The polymers used in the dispersions are not soluble
in the liquids used. As most polymers are not soluble in water, the , ' . , .
choice of polymers for dispersions is wide compared to that of °° 005 01 015 02 025 03 035
polymers for solutions. Latex/cament ratio

At a carbon fibe15 wm diameter;:~5 mm length content of
0.35%, in the absence of silica fume, the electrical resistivity of Fig. 2. Effect of latex/cement ratio on flexural toughness when the
the cement mortar is reduced from 15520° Q.cm (+4.5%) to cement paste containg) 0.53 volume % carbon fibergh) no fibers
0.58x 10° ().cm (6.0%) upon addition of acrylic water-based
dispersion(20% by mass of cemen{Table 1 (Cao and Chung
2001h. Latex and styrene acrylic water-based dispersi@iso
20% by mass of cemendre less effective than acrylic dispersion,
as they reduce the resistivity to 0.84.0° ).cm (¥7.7%) and
0.83x 10° Q.cm (£5.1%), respectively(Table 1. As polymer

polymer content causes the resistivity to increase, as shown at
least for the case of the polymer being latébu and Chung
particle dispersions are used in much larger amounts than meth-lgge' Thergforg, the (_jecrease in _res_istivity of carbon fiber mortar
yicellulose, the cost of using the dispersions is relatively high. &S the acrylic dispersion content is increased from 10 to 20% by
The presence of polymer at the fiber-matrix interface is sug- Mass of cement is attributed to an increase in the degree of fiber
gested by the increase in the fiber-matrix shear bond strengthdispersion. However, the dependence of the resistivity of carbon
upon latex additionFu and Chung 1998aln spite of this, the fiber mortar with latex content is opposite in trend and the flexural
polymer dispersion addition causes the resistivity of the fiber toughness results in Fig. 2 point to a decrease in the degree of
mortar to be decreased by the addition of the polymer dispersion.fiber dispersion with increasing latex content. Hence, the combi-
This means that the addition of the polymer dispersion improves hation of electrical and mechanical results indicate that the degree
the degree of fiber dispersion. of fiber dispersion increases with increasing acrylic dispersion
In the absence of fiber, both flexural toughness and strengthcontent, but decreases with increasing latex dispersion content.
increase monotonically with increasing content of polymer par- Nevertheless, the use of a polymer particle dispersimether
ticle dispersion(lateX) (Chen et al. 1991 However, in the pres-  acrylic or latey gives a higher degree of fiber dispersion than the
ence of fiber(e.g., carbon fiber the flexural toughness decreases use of no dispersion, at least for the range of dispersion content
monotonically with increasing content of polymer particle disper- from 10 to 20% by mass of cement.
sion, because the degree of fiber dispersion decreases with in-
creasing content of polymer particle dispersi@ien et al. 1997
Fig. 2 (Chen et al. 1997shows the flexural toughness of ce- Effect of Silica Fume in Combination with Polymer
ment pastes containing various amounts of latex, with 0 and 0.53 Solution
volume % carbon fibers. The flexural toughness, as measured . .
under three-point bending, increases monotonically with increas- B0t silica fume and methylcellulose solution, when used sepa-
ing latex/cement ratio when fibers are absent, but decreased@tely, help the fiber dispersion. The combined use of these two

monotonically with increasing latex/cement ratio when fibers are @dmixtures is even more helpful. The combined use of silica fume
present. At any latex/cement ratio, fiber addition greatly increases (15% by mass of cemenand methylcellulos¢0.4% by mass of
the toughness. cement causes the resistivity to decrease from 1.59
Upon increase of the amount of acrylic dispersion from 10 to X 10 Q.cm(£4.5%) to 0.31x10° 0.cm (Table ) (Cao and
20% by mass of cement, the electrical resistivity of carbon fiber Chung 2001h This decrease is more than that attained by using
mortar is decreased from 0.&710° Q-cm(+6.9%) to 0.58 silica fume alone[decreased to 1.281C° Q.cm (+3.9%)] or

X 10° Q)-cm(+6.0%) (Table ) (Cao and Chung 2001bHow- that attained by methylcellulose alonglecreased to 0.68
ever, for the case of latex in place of acrylic, the resistivity is X 10° .cm (+2.8%)]. On the other hand, silica fume in combi-
increased from 0.68 10° )-cm(+5.8%) to 0.89x 10° ()-cm nation with latex dispersion does not work, due to low workabil-

(£7.7%) (Table 1. In the absence of fiber, an increase in the ity (Fu and Chung 1998a
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Effect of Silane length is less effective than the use of silane as an admixture for
. . . i . improving the degree of fiber dispersié@ao and Chung 2001b

Silane is molecular, but it is not a polymer. Due to its hydrophylic gjjane coating has been applied to carbon fibers for the pur-

nature, silane is effective as an admixture for improving the de- pose of improving the tensile strengtXu and Chung 2000

gree of fiber dispersion, as is shown for steel fib@@pm di- However, the effect of the silane coating on the degree of carbon
ameter; 5 mm length The electrical resistivity of steel fib€0.05 fiber dispersion has not been assessed.

volume %, much below the percolation threshatdortar is de-
creased from 2.081C° Q.cm(+5.3%) to 1.65x1Cf Q.cm
(+3.9%) upon addition of silangaqueous amino vinyl silane,
chosen due to its stability in aqueous systg@&o and Chung
2001h. In the absence of fiber, silane addition has a negligible
effect on the resistivity of mortaiCao and Chung 2001bThus,

the decrease in resistivity of the steel fiber mortar upon silane
addition is attributed to increase in the degree of fiber dispersion.

Conclusion

Short fibers are used as admixtures in cement-based materials for
structural and functional reasons. Dispersion of the fibers is im-
portant and is particularly challenging for microfibers at a small
volume fraction. Assessment of the degree of fiber dispersion by
microscopy is ineffective. In this paper, the degree of dispersion
of short microfibergsuch as carbon and steel fibens cement

Effect of Fiber Surface Treatments mortar or cement paste is assessed by measurement of the volume
electrical resistivity when the fibers are electrically conductive
Ozone Treatment and are at a volume fraction below the percolation threshold. The

degree of dispersion is improved by the use of admixtures such as
Fiber surface treatments that improve the wettability of the fiber silica fume, acrylic particle dispersion, methylcellulose solution,
by water are useful for improving the fiber dispersion in cement, and silane. Acrylic particle dispersion is more effective than latex
in addition to improving the fiber-matrix bondu et al. 1998p particle dispersion. The degree of fiber dispersion is also im-
At a carbon fiber content of 0.24 volume @delow the percola- proved by the use of fiber surface treatment such as ozone treat-
tion thresholdl, the electrical resistivity of the cement mortar is ment.
decreased from 3.6210° to 3.27x 10° ).cm upon surface treat-
ment of the carbon fibers by ozone prior to incorporation of the
fibers in the cement mixFu et al. 1998a Even though ozone  References
treatment increases the contact resistivity between fiber and ce-
ment(Fu et al. 1998p the volume resistivity of the fiber mortaris  axkaya, Y., Shah, S. P., and Ghandehari, (2003. “Influence of fiber
decreased by the ozone treatment. Thus, the decrease in volume gispersion on the performance of microfiber reinforced cement com-
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