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Abstract: This study investigated the nature of hydration products of white portland cement (WPC)
containing 20 mM malic acid or 1 M calcium chloride hydrated for 11 years. The study identified the hydration
products and characterized the chemical composition, morphology, micro/nano structure of C-S-H and the
main binding phase in cementitious materials. Calcium hydroxide (CH), ettringite and C-S-H were identified in
WPC with 20 mM malic acid paste hydrated for 11 years. WPC with 1 M calcium chloride paste hydrated for
11 years contained the same phases, but with less CH, and the presence of Friedel’s salt (Ca,Al(OH),C1-2H,0).
There were still small amount of anhydrous cement particles remaining in both pastes after 11 years hydration
according to the SEM and *Si MAS NMR results. The hydration products of paste containing malic acid
had a lower porosity than those prepared with calcium chloride upon visual inspection under SEM. The
morphology of the outer product (Op) C-S-H was coarse fibrillar and the inner product (Ip) C-S-H had a very
fine microstructure in both pastes under TEM. Both Ip and Op C-S-H formed in paste containing malic acid
had lower Ca/Si and higher Al/Si than those in paste containing calcium chloride. C-S-H in paste containing
calcium chloride had longer MCL and less percentage of bridging tetrahedra occupied by aluminum in silicon/
aluminum chains due to relatively less Q' and more Q* A new type of silicon tetrahedra, 0*%, was introduced
during deconvolution of ??Si MAS NMR results. Ip and Op C-S-H in both pastes had aluminum substituted
tobermorite-type and jennite-type structure, and all the charges caused by aluminum substituting silicon bridging

tetrahedra were balanced by Ca*".
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1 Introduction

The microstructure and composition of hydration
products of Portland cement are vital for defining the
properties of hardened cement and concrete. The main
hydration products are calcium silicate hydrate gels
(C-S-H gels), calcium hydroxide (CH) aluminate/
aluminoferrite phases (AFt and AFm type phases)'.
Among these hydration products, the most important
one is C-S-H gel because it is the principal binding
phase in cement-based systems-responsible for
strength, density, etc””. Its morphology, microstructure
and chemical composition define the final properties
of the hardened cement. Numerous studies have been
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done on the nature of C-S-H in hardened cement
pastes since the 1950s but its structure is still not fully
understood.

Calcium chloride is a well-known accelerator
for cement hydration. An early study on its influence
on hydration of tricalcium silicate (C,S) suggested the
formation of both foil-like and fibrillar C-S-H"\. A lot
of work has been done since then but the mechanism
of acceleration is still unclear'™”". Juenger and Peterson
suggested that the early age hydration products, which
formed around the C;S particles, were flocculated
to increase the diffusion rates of ions and water on
the existence of calcium chloride, resulting in the
acceleration of hydration of inner products™. The
hydration products had lower density compared to the
control. Wilding characterized the effects of a range of
inorganic and organic admixtures on cement hydration.
The mechanism of the acceleration and retardation
of the hydration was discussed, which concluded that
retardation was a result of preferential complexation
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of Ca or Si in solution or C-S-H gel after retarder was
added"”.

Malic acid is a known retarder for cement
hydration, believed not to alter the mechanism of
cement hydration'"". The retardation mechanism could
be due to the absorption of malic acid on the cement
particles preventing diffusion of ions and water'”.
Wang reported a morphology change in the hydration
products of calcium phosphate cement when malic acid
was added but there was no new hydration products
formed"”. Rai meanwhile did report the formation of
a new hydration product but this was contradicted by
other researchers' "',

In this study, white portland cement mixed with
either an accelerator (calcium chloride) or retarder
(malic acid) was studied. The aim of the study was
to characterize by various analytical techniques, the
hydration products of mature white portland cement

containing different admixtures.

2 Experimental

2.1 Materials

The oxide composition of white portland cement
used is shown in Table 1. Note that these data were
obtained by quantitative XRF so the sulphur content
is not shown, however the presence of AFm and AFt
phases in the hydration products indicates that there is
sulphur in the samples. Calcium chloride (CaCl,*6H,0)
and malic acid (C,HO;5) were used as admixtures at
concentrations of 1 M and 20 mM, respectively.
2.2 Specimen preparation and experimental

details

The required amount of white Portland cement
was hand-mixed with either calcium chloride (1M)
or malic acid (20 mM) solution with a solution/solid
(s/s) ratio of 0.5. The slurries were then placed in
plastic tubes which were sealed in plastic bags before
placing in a water bath set at 25 C. The samples were
well kept and maintained in the water bath before
transferred for analysis. The pastes in this study were
hydrated approximately for 11 years before being taken
for analysis. Freshly ground samples were used for
X-ray diffraction (XRD), magic angle spinning nuclear
magnetic resonance (MAS NMR) and simultaneous
thermal analysis and evolved gas analysis (STA-EGA).

For MAS NMR, specimens were ground and
packed into 6 mm zirconia rotors before *’Si and
'H-"Si cross polarization (CP) spectra were acquired
by a Varian InfinitePlus-300 spectrometer. The single
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pulse spectra were acquired over 30000 scans using
pulse delays (2s) sufficient to minimize the saturation
of the hydration peaks. All spectra were apodized with
10 Hz of exponential line broadening and zero filled to
8192 points prior to Fourier transformation. The spectra
were fitted to voigt line shapes using the software Igor
Pro with additional macros written by Brough".
Table1 Oxide composition of white Portland cement

used in this study. Sulphur is not shown due
to the quantitative XRF

Oxides Percentage/%
SiO, 25.00
TiO, 0.08
Al0O, 2.14
Fe,O, 0.36
Mn,O, 0.02
MgO 0.78
CaO 71.02
Na,0 <0.30
K,0 0.09
P,0; 0.08
Cr,0, <0.01
Total 99.57

LOI" (at 1025 C) 1.06

* LOI - Loss on ignition

XRD analysis was performed on finely ground
fresh samples packed into sample holder before
scanning over the range of 26 from 6° to 55° with a
step of 0.02° by a Philips Analytical X’Pert PRO MRD.

Thermal analysis was performed on samples of
about 16 mg, freshly ground and placed into crucible
for STA-EGA test, where the sample was heated to
1000 C at a rate of 20 ‘C/min.

For SEM, the hydrated samples were cut into 3
mm thick slices and then the hydration was stopped
by immersion in isopropanol before being embedded
in resin, then polished and coated with carbon. The
backscattered electron (BSE) images were taken by
Philips XL30 ESEM, under the conditions of spotsize 5,
magnification 1000x%, and accelerating voltage 20 kV.

For TEM, hydration stopped samples were hand
thinned before put into a low angle ion milling system
(Agar Model 1010) to prepare TEM samples'®. TEM
was performed by a Philips CM20 under the conditions
of spotsize 1, magnification 19500x, accelerating
voltage 20 kV for images, and spotsize 3, magnification
15000x for EDX under bright field mode. Images were
taken on the negative films, then processed and scanned
to digital images. Selected area electron diffraction
(SAED) was performed before EDX to eliminate the
possible phase intermixing in the examining area.
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3 Results and discussion

3.1 Hydration products

XRD analysis revealed Portlandite, ettringite and
C-S-H in the retarded paste (Fig.1 (a)). Meanwhile
Portlandite, ettringite, C-S-H and hydrocalumite
(Friedel's salt) were observed in accelerated paste
(Fig.1 (b)). The peaks for Portlandite and ettringite
in the retarded paste were more intense than those in
calcium chloride paste, indicating that more CH and
AFt formed in the former. This was confirmed by STA-
EGA results, shown later.
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Fig.1 XRD patterns of (a) rcla(lrzicd paste and (b) accelerated
paste. Typical peaks of CIH, ettringite (peaks around 9°,
16°,23",35", and 41" (26)), C-S-H (peaks around 7" and
50" (2#)) and hydrocalumite (Friedel's salt) (at 11" and
317(20)) were identified

Rai reported a new phase formed in OPC retarded
with 1.0wt% (74.6 mM) malic acid based on XRD
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analysis'"”, but we did not find it. Moreover, the
d-spacing of 3.235A in Rai’s results appears to be an
error, with a true value being 3.352A based on its 20
value. As such, the peaks should be assigned to quartz
(ICSD number 156196), which could be due to the
contamination during the sample preparation. And the
phase in the SEM BSE images in Rai’s results could be
ettringite, whose peaks in XRD results would easily be
weakened or disappeared if the sample was hydration
stopped.
3.2 Microstructure and morphology

After 11 years’ hydration, there were still small
amount of anhydrous cement particles remaining
based on SEM results (Fig.2). Visually, the hydration
products in the retarded paste had lower porosity and
clearer boundaries between hydration products than
those in the accelerated paste.

Lo Vel
- ; N L g, i)
Fig.2 SEM BSE images of (a) retarded paste and (b) acceler-
ated paste. There were still some anhydrous cement
particle remains. Hydration products had clear bound-

aries and dense structures for the former while more
porous in the latter
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Fig.3 TEM images of WPC with 20 mM malic acid paste hyd-
rated for 11 years: (a) Coarse Op C-S-H on the top, fine
Ip C-S-H in the middle, CH in the left bottom corner and
AFtrelicts between Op and Ip C-S-H; (b) Needle-like
AFtand AFtrelicts in fine Ip C-S8-H; (¢) Detailed struc-
ture of Ip C-S-H: (d) Detailed structure of Op C-S-H
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TEM images (Fig.3 and Fig.4) show that Op
C-S-H was coarse fibrillar and Ip C-S-H was very fine
in both pastes. In the retarded paste, there were some
AFt relicts present at the interface between Ip and
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Op C-S-H, and there was also some needle-like AFt
within the fine Ip C-S-H, where the needle-like shape

was due to the direction of the sample preparation'®.

In the accelerated paste, some AFt relicts were finely
intermixed with Ip C-S-H. The particle size was about
7 nm for Ip C-S-H in both pastes. The particle size of
Op C-S-H was about 5 nm in width in retarded paste
while it was about 10-20 nm in accelerated paste.
The finer microstructure of hydration products in the . P
retarded paste may be due to that there is more time 0 200 ‘1'31(1]1%cra1u?3}1t: 800 1000
to get equilibrium in the system. For the different (@

morphology in both pastes, they probably all had a
similar underlying foil morphology, which was modified
by drying or compacting during hydration stop or under
vacuum'”. The difference of appearance after drying

Weight loss/™a
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was a result of different polymerisation degree (MCL)
or porosity. For a longer MCL, the morphology tends to
be foil-like or coarse fibrillar after drying due to better
inter linking.
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Fig.5 STA-EGA curves of (a) the retarded paste and (b) the
accelerated paste. Paste was not carbonated. For the
accelerated paste, the exothermic peak around 650 °C
was due to the phase transformation from Friedel's
salt (Ca,Al(OH),CIl - 2H.0) to crystalline calcium
chloroaluminate (11Ca0O - 7A1,0, - CaCl,)
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Fig.4 TEM images of WPC with 1 M calcium chloride paste
hydrated for 11 years: (a) Coarse Op C-S-H on the top, 0.0 5 =
fine Ip C-S-H on the bottom and AFt relicts and CH in 00 02 04 06 0"3 IIU 12 14
the Ip C-S-H; (b) Detailed structure of Ip C-S-H; Si/Ca atom ratio
(c) Detailed structure of Op C-S-H (a)
The formation of Portlandite, ettringite and C-S-H 03r ARt
in both pastes and Friedel's salt in accelerated paste was 04l
also confirmed by STA-EGA analysis (Fig.5). There 2
were two endotherms for both pastes around 100 C g 03}
and 450 C in DTA curves associated with H,O phases =
according to mass spectra. The former was due to the § 02r
loss of water from C-S-H and ettringite; the latter from o1k
CH. A sharp exothermic peak around 650 “C was found, o
] 1 ot 1 1 L |
with some H,O phases in the accelerated paste. It w?s 0.0/ o 3 23 0T o5
thought to be related to a chloride C-S-H complex"’, Al/Ca atom ratio

.. . (b)
and may be related to recrystallisation of Friedel’s Fig.6 TEM EDX results of WPC with 20 mM malic acid
. ; ; paste hydrated for 11 years: (a) Op and Ip C-S-1 fitted
st (Ca2A~1(OI_[Ilz]6C1 2H;0) to crystalline CaICICum into T/J viewpoint; (b) AFt intermixed with C-S-H,
chloroaluminate' ™, 11Ca0-7Al1,0,-CaCl,. The calcium no AFm was identified
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Fig.7 TEM EDX results of WPC with 1M calcium chloride paste hydrated for 11 years: (a) Ip and Op C-S-H fitted into T/J viewpoint;
(b) AFtintermixed with C-S-H, and AFm intermixed with Op C-S-H; (¢ ) Ip C-S-H had higher chloride content than Op C-S-H

Table 2 Chemical composition of C-S-H for WPC with 20mM malic acid paste and WPC with 1M calcium chloride
paste both hydrated for 11 years, the Al/Si from NMR was under the condition that Q” was not taken into account

Ca/Si AUSi (TEM)A AI/Si* (NMR)
o Ip C-S-H (29°) 1.80 = 0.16 0.055 + 0.026
Malic acid paste Op C-S-H (35) 193+ 0.20 0.054  0.026 0.076
Calcium chloride paste Ip C-S-H (25) 2.14 £ 0.13 0.039 = 0.011 0.076
Op C-S-H (35) 2.14 £ 020 0.040 = 0.013

* Number of points performed TEM-EDX analysis; A When Q™ and Q*' were not taken into account

Table3 “Si SPMAS NMR results of both pastes with Q**

taken into account. %B is percentage of bridging position

occupied by aluminium tetrahedra in silicate/aluminium chain of C-S-H

Percentreaction MCL  Q'(H)%  Q'/% Q1A% Q™%  Q'/% AUSi B%/

WPC with 20 mM 98.9 53 6.5 36.6 9.98 4.12 417 0.054 24.6
malic acid

WPC with 1 M 100 7.0 5.8 28.0 7.54 686 519  0.040 16.1

calcium chloride

* Percentage of bridging position occupied by aluminium tetrahedra in silicon/aluminum chain of C-S-H

hydroxide content in retarded paste and accelerated
paste was 19.86% and 13.44%, respectively, which
confirmed the XRD results. Cheeseman found that the
content of calcium hydroxide was about 14% after 90
days hydration in OPC accelerated by 0.909 M calcium
chloride paste!"”. Since both pastes were almost fully
hydrated and the calcium hydroxide content of retarded
paste was higher than that of accelerated paste, it is
reasonable to predict that Ca/Si ratio of C-S-H in the
former will be lower than that in the latter. This was
confirmed by the TEM EDX results.

The TEM EDX results of both pastes are shown
in Fig.6 and Fig.7. In these figures, squares indicate
the different chain lengths of tobermorite or jennite
structures which have a degree of protonation of the
silicate chains (w/n) equalling 2; triangles are for a

degree of protonation of the silicate chains equalling
1 and saltires (x) for a degree of protonation of the
silicate chains equalling 0. The detailed discussion of
these structures is in the Ref.[20]. Diamonds indicate
outer products in the samples studied; circles indicate
inner products and crosses indicate AFt or AFm.
According to these results, AFt finely intermixed with
C-S-H in both pastes and there was some low sulphate
content AFm intermixed with Op C-S-H in accelerated
paste, while no AFm was identified in retarded paste.
For the accelerated paste, the chloride content in Ip
C-S-H was higher than that in Op C-S-H, and there
was some chloride incorporated into AFm phase, which
could be in the form of Friedel’s salt. The reason may
be that chloride in the Op C-S-H existed in the form
of Friedel’s salt when Op C-S-H was formed first,
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while chloride was just physically absorbed instead of
chemically bonded in the Ip C-S-H later. The formula
of AFm phase was calculated by fitting the trend line
of mixtures of Op C-S-H and AFm phase as shown
bellow: [Ca,AI(OH)4]*Cly312(SO4)o.025 (OH)g66'mH,0.
Ca/Si and Al/Si ratios of these two pastes are
shown in Table 2. C-S-H formed in WPC with 20 mM
malic acid paste hydrated for 11 years and the sample
had lower Ca/Si and higher Al/Si than that in WPC
with 1M calcium chloride paste aged for 11 years,
which confirmed the prediction from STA-EGA results.
*’Si CP and SP MAS NMR spectra and
deconvoluted spectra are shown in Fig.8. On the top of
the figures was the residue with zero line. The existence
of various types of hydrated silicate tetrahedra could
be identified by CP spectrum, and the quantity of
these hydrated silicate tetrahedra could be calculated
by deconvoluting the SP spectrum. According to the
deconvoluted spectra, there was still small amount of
anhydrous cement left in the retarded paste while the
cement was fully hydrated in the accelerated paste.
When the spectra were fitted to Q°, Q"(H), Q', Q*(1Al)
and Q’, it was noticeable that Al/Si ratios from TEM
and MAS NMR results were different: it was higher
in the latter (Table 2). It was due to the possible extra
peaks for Q” in *Si MAS NMR spectrum, namely
Q” and Q” according to some researchers”*?. The
peaks for Q™ and Q* are —81.5x10"°M and —83.5x
107° M, respectively. The peak for Q’(1Al) is around
—82x107°M, which is very close to Q*. Q* and Q”
are both silicate tetrahedra occupied on bridging sites
but in the different local chemical environments. In
this work, the peaks for Q* and Q* were taken into
account during deconvoluting the spectrum. Q* was
deconvoluted separately and Q” was treated as normal

o ALAN,
v

CP
Q
SP
Q(1A1)
Q” Fitted spectra
—|60 —|80 - 1|00 - I|20

ppm
(@)
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Q’ during deconvolution because the peaks for Q*
and Q’ are so close that they overlap each other in
which case it is not possible to distinguish them during
deconvoluting, and it did not influence the Al/Si, MCL
and %B whether Q* was deconvoluted separately. The
condition whether or not Q*” and Q” are taken into
account during deconvoluting the spectrum will only
influence the Al/Si ratio, MCL and %B of C-S-H. The
method to introduce the additional Q* could be found
in Taylor’s paper'™’, where it was named as Q™. In this
paper, Q” will be named Q*® when Q” was treated as
a part of normal Q°. In the case of existence of Q” and
Q7, the results of ’Si MAS NMR are shown in Table
2. There were Q"(H), Q', Q*(1Al), Q°® and Q” in both
pastes, but there were relatively less Q' and more Q*®
and Q° in WPC with the accelerated paste (Table 3),
which resulted in a longer mean chain length (MCL)
and less percentage of bridging tetrahedra occupied by
aluminium (%B). Akhter™ found that there was more
Q’ in C-S-H formed in OPC accelerated with 0.69 M
to 2.64 M CaCl, in the pastes than those in OPC neat
paste after 28 days hydration. It was noticed that the
accelerated paste had longer MCL but also higher Ca/
Si ratio, the reasons were that it had lower degree of
protonation of silicate/aluminium chain in C-S-H and
its nanostructure was combined by different types or/
and amount of tobermorite/jennite units”” comparing
to the retarded paste.

The nanostructure and formula of C-S-H formed
in both pastes could be achieved by combining the
TEM and MAS NMR results. According to the Al/Ca -
Si/Ca plots of both samples, the nanostructure of C-S-H
could be well fit into tobermorite/jennite (T/J) model.
The method to establish formula and identify the
nanostructure of C-S-H could be found in some recent

CP

SP

Q(1A1)

2B

Fitted spectra

1 1
—100 —120
ppm

(b)

Fig.8 ¥Si MAS NMR results of both samples: (a) WPC with 20 mM malic acid paste hydrated for 11 years; (b) WPC with I M

calcium chloride paste hydrated for 11 years
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Fig.9 Relationship between Ca/Siratio and MCL for structure units with different degree of protonation of the silicate
chains (w/n=0, 1, and 2) modified from Richardson's model™”

studies”™ > Al/Si ratio from TEM was used during
calculating the formula because of the inaccuracy
of Al/Si from NMR discussed above. According to
Richardson’s model™***"! the chemical composition of
C-S-H has a strong relationship with the nanostructure
(T/CH or T/J viewpoint) but this is not the only factor,
as the degree of protonation will influence the chemical
composition of C-S-H. As seen in Fig. 9, for a jennite-
based dimer, the Ca/Si ratio can vary from 2.0 to
2.5 with the degree of protonation of silicate chains
varying from 2 to 0, being the maximum and minimum.
This is due to the fact that for a given MCL, the Ca/Si
ratio can vary largely under the condition of different
combination of tobermorite/jennite units and degree of
protonation of silicate chains in these units. That means
a longer MCL will not necessarily have a lower Ca/Si
ratio. Every combination of a MCL and a Ca/Si ratio
for C-S-H could be shown as a point in Fig.9, but these
points will not be restricted in the C-U-Z-H area but
have to be within the C-R-Z-K area.

Because there were only trace amount of K,O and
Na,O in WPC used in this work, it could be assumed
that the charge compensation of AI’* substituting for
Si** was entirely balanced by Ca’’. The degree of
protonation could vary from minimum to maximum for
C-S-H, which will be discussed in detail later. For the
retarded paste, the formulae under both conditions were
shown below.

The formula of Ip C-S-H under the minimum
degree of protonation of silicate chains would be:

{Cay15(S1g045Al0052)53017.0f Cag 135 -
(OH);,; - Cay; - mH,0} (1)
The formula of Ip C-S-H under the maximum
degree of protonation of silicate chains ( according to
the calculation) would be:

{Cay515H3161(S10.04sAl0.052)53017.0 Cag 135
(OH)g4; - Cay; - mH,0} (2)

The formula of Op C-S-H under the minimum
degree of protonation of silicate chains would be:

{Cay5(Sip04sAl)51)5301605 Cag 136 -

(OH)gs; - Casyg - mH,0} (3)

The formula of Op C-S-H under the maximum
degree of protonation of silicate chains ( according to
the calculation) would be:

1Cay H, 43(Sig049Alg051)5301601 Cag 136 -

(OH)g, - Cas 55 - mH,0} 4)

For the accelerated paste, as there were a large

amount of Ca’" cations in the solution, it could be

assumed that C-S-H nanostructure had a minimum

degree of protonation of silicate chains (w/n=0). Under
this condition, the formulae of Ip C-S-H would be:

{Cas 3331(Sip963A10.037)7.00220 1 Cag 15 -

(OH),,5, - Cagy - mH,0} (5
{Cas 337(S1) 961 Al 039)7.002.0 1 Cag 155 -
(OH),,53 - Cagy - mH,0} (6)

To determine the protonation of silicate chains of
C-S-H in the pastes, the Ca/(Si+Al)-MCL plots with
Ca/(Si+Al) ratio frequency histogram (Fig. 10 and
Fig.11) were used to give an idea of the possible degree
of protonation of silicate chains in C-S-H nanostructure.
The Ca/(Sit+Al) ratio instead of Ca/Si was used here
because the percentages of bridging tetrahedra occupied
by Al were high and could influence the position of
tobermorite-type units in the plots according to the *’Si
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SP MAS NMR results. The alternative lines, which are
not presented in Fig.9, presented the position of jennite
units or tobermorite units under the condition that the
charges caused by AI’" ions substituting for Si*" ions in
bridging tetrahedra were entirely balanced by Ca’".

In these plots (Fig.10 and Fig.11), the vertical
black lines represent the MCL of the silicate/aluminium
chains, and the histogram shows the Ca/(Si+Al) ratio
frequency of the TEM-EDX results of the points
analysed. These plots could also give a possible
combination of tobermorite and/or jennite units on
which the nanostructure of C-S-H is based.

For the retarded paste, the Ip C-S-H consisted of
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J5,J8, TS, and T8, and maybe some J2 and T2. J2, J5,
and J8 should have minimum to maximum degree of
protonation of silicate chains. T2, T5, and T8 should
have minimum degree of protonation of silicate/
aluminium chains and the charges caused by AI’* for
substituting for Si*" ions were completely balanced by
Ca’". In this case, a near medium degree of protonation
could be chosen for Ip C-S-H. Let w/n=1, which is
the condition of medium degree of protonation, the
following formula would present the nanostructure
and chemical composition of Ip C-S-H in the retarded

paste:

&

Ca/(Si+Al) ratio

=

(.5 errrreree e

0.0 L !
0.5 0.4 0.3 0.2 0.1 0.0

Reciprocal mean chain length

Fig.10 Ca/(Si+Al)-MCL plot with Ca/(Si+Al) ratio frequency histogram of TEM-EDX results of (a) Ip and (b) Op C-S-H of
WPC with 20mM malic acid paste hydrated for 11 years
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Fig.11 Ca/(Si+Al)-MCL plot with Ca/(Si+Al) ratio frequency histogram of TEM-EDX results of (a) Ip and (b) Op C-S-H of WPC

with 1M calcium chloride paste hydrated for 11 years
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The Op C-S-H consisted of J2, J5, J§, TS5, T8
and maybe T2. J2, J5, and J8 should have minimum to
maximum degree of protonation of silicate chains. T5
and T8 should have minimum degree of protonation
of silicate chains and the charges caused by Al'" ions
substituting for Si*" ions were completely balanced
by Ca’’. In this case, a near medium degree of
protonation of silicate chains could be chosen for Op
C-S-H. Because the possible maximum protonation is
w/n=0.85, Formula 4 could well present the
nanostructure and chemical composition of Op C-S-H
in the retarded paste.

For the accelerated paste, Ip and Op C-S-H should
both consist of J2, J5, J8, TS5, T8 and maybe T2. J2, J5,
and J8 should have minimum to maximum degree of
protonation of silicate chains. TS5 and T8 should have
minimum degree of protonation of silicate chains and
the charges caused by Al’" ions substituting for Si*’
ions were completely balanced by Ca’". The degree
of protonation discussed above was mean value, the
nanostructure and chemical composition could vary
depending on the local environment.

4 Conclusions

The hydration products of WPC with 20 mM
malic acid paste hydrated for 11 years were CH,
ettringite and C-S-H. It was similar for WPC with
1 M calcium chloride paste hydrated for 11 years
but with less CH, and the formation of Friedel’s salt
(Ca,Al(OH),CI1-2H,0). SEM results showed that there
were still small amount of anhydrous cement particles
remaining in both pastes after 11 years hydration,
which were confirmed by the *’Si MAS NMR results.
It seems that the hydration products of WPC with 20
mM malic acid paste had lower porosity upon visual
inspection, which may be due to the better equilibrium.
The morphology of Op C-S-H was coarse fibrillar
and Ip C-S-H had very fine structure in both pastes
according to the TEM results. There were some AFt
relicts present at the interface between Ip and Op C-S-H
and some needle-like AFt in fine Ip C-S-H in WPC with
20 mM malic acid paste, while some AFt relicts were
finely intermixed with Ip C-S-H and AFm intermixed
with Op C-S-H in WPC with 1 M calcium chloride
paste. Ip C-S-H particle size was about 7 nm in both

Vol.30 No.4 LI Qiu et al: Chemical Composition and Microstructure of Hydration Pro...

pastes, while Op C-S-H particle size was about 5 nm
in width in malic acid paste and 10-20 nm in calcium
chloride paste. It seems that the accelerated hydration
with a faster hydration speed results in less equilibrium
0 as to a microstructure of coarser hydration products
and lower density.

AFt was finely intermixed with C-S-H in both
pastes and there was some low sulphate content AFm
intermixed with Op C-S-H in the accelerated paste
while no AFm was identified in the retarded paste.
Both Ip and Op C-S-H formed in the retarded paste
had lower Ca/Si and higher Al/Si than that in the
accelerated paste. There were Q°(H), Q', Q*(1Al), Q’B
and Q” in both pastes, however there were relatively
less Q' and more Q°® and Q” in the accelerated paste,
which resulted in a longer mean chain length (MCL)
and less percentage of bridging tetrahedra occupied
by aluminium (%B). The accelerated paste had longer
MCL but also higher Ca/Si ratio because it had lower
degree of protonation of silicate/aluminium chain in
C-S-H and its nanostructure was combined by different
types or/and amount of tobermorite/jennite units
comparing to the retarded paste. This indicates that a
longer MCL does not mean a lower Ca/Si ratio when
comparing different pastes.
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