






infonnatioo 00 the thermal decomposition and decomposition kinetic of CMC; further,
we adapted Fourier transfonn infrared spectroscopy (Ff·IR) to reveal the chemical
behavior of the decomposed CMC in AACM. X-ray powder diffraction (XRD) and Fr­
IR were used to identify the crystalline and amorphous hydrothennal reaction products of
the autoclaved samples. The high-resolution scanning electron microscopy (HR-SEM)
was employed to survey any alternations in the mic(ostructure of sealers before and after
its self·degradation, and also to explore the morphologies of the crystalline and
amorphous hydrothennal reaction products formed in sealers. To identify these reaction
products. we used energy-dispersible x-ray (EDX) concomitant with HR-SEM.

With a Type K thermometer, in conjunction with tempcrclture data logger, we monitored
the heat energy generated in a self-degrading process of the 200°_. 250°-, and 300°C­
heated AASC and AASF specimens after their contact with water.

Results and Discussion

Task 1. Establish the basic formulation of temporary sealing materials

1.1 Initial and final setting times
Our first experiment was directed toward gaining data on the setting time and
compressivc sLrength of 0.7 % CMC- and 4.1 % sodium silicate-containing AASC and
AASF samples made wilh slag (S)/Class C (C) and IF (F) ralios of 10010, 80120, 60140,
40/60, and 20/80. Table 2 shows the changes in their watcr content, expressed as the ratio
of water (w) to dry cement (c), as a function of thc SIC and /F ratio used in preparing the
AASC and AASF slunies; it includes their initial- and final-setting times at 85°C. The
water content in these AASC and AASF systems wao; adjusted to attain a consistency
similar to that of Class G well cement slunies made with the w/c mtio of 0.54. As is
evident, the w/c ratio decreased as some portion of slag was replaced by Class C and F
fly ashes. For commercial Class G well cement. its initial setting time without CMC was
- 90 min. After adding 0.7 % CMC. there was no evidence of initial setting time within
360 min. Undoubledly, CMC retarded the setting of the Class G cementln contrast,
CMC was not as much as effective in retarding the setting of all AASC and AASF
slurries. except for 20/80 slag/fly ash F ratio slurry; these slurries were set in curing
periods up 10 - 210 min. However, the slunies made with three fonnulas related to 100/0,
sono, and 60/40 SIC ratios failed to meet the criterion~ min. Thus, no further lest was
conduclcd for these fonnulas.

Table 2. Water/cement ratio, and initial and final setting times at 85~ for slurries made
with various slaRIClass C and IF fly ash ratios and Class G well cement.
Formula Water/cement. w/c Initial setting lime at Final setting time at

r.ltio 85°C, min 85°C, min
Class G well cement 0.54 >360 Unknown
100/0 SIC 0.47 <30 <60
80/20 SIC 0.46 <30 <60
60/40 SIC 0.45 - 30 - 60
40/60 SIC 0.45 -60 -90
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20/80 SIC 0.44 -120 -180
80/20 SIF 0.45 -60 -120
60/40 SIF 0.42 -150 -270
40/60 S/F 0.40 -210 -360
20/80 S/F 0.40 >210 Unknown

Furthermor, we surveyed the changes in initial and final setting times of cement as a
function ofeMe contents. Table 3 lists lhe water-te-cement (w/c) ratios and the initial­
and final-selling times at 85°C for Class G well cement and 20/80 SIC ratio AASC
mod,ified with 0.4, 0.7, and 1.0 wt% CMC. In both the cement systems, the w/c mtio
increa'\ed with an increasing CMC content, from 0.39 at 0 % CMC to 0.62 at 1.0 % CMC
for Class G cement, and from 0.31 at 0 % CMC to 0.52 at 1.0 % CMC for AASC. Adding
the CMC to the Class G cement remarkably prolonged its setting time; in fact, the value
of initial selling time without CMC was extended by nearly 210 min to -300 min after
incorporating 0.4 % CMC. Correspondingly. adding morc than 0.4 % CMC considerably
delayed the hydration of cement so there was no evidence of initial setting time witllin
360 min. In contrast, all 20/80 SIC ratio AASC modified witll CMC were set for curing
period up to - 210 min. With 0.4 % CMC, both tlle initial· and final-setting times of
CMC-free AACM were prolonged by - 30 min to - 90 and - 120 min. Further
increasing amount to 0.7 % led to the extension of another 30 and 60 min of initial- and
final-setting times over that of 0.4 %. Nevertheless, at the room temperature of - 25"C.
the final setting of both the CIa'is G and AASC specimens was observed within 30 hours
after mixing with water.

Table 3. Changes in woterlcement ratio, and in;t;ol- and final-setting times 0/20180 SIC
ratio AASC alld Class G well cemellt as a nmc:tion ofCMC c:ontenI.

CMC content, Water/cement, Initial setting Final setting
wt% w/c, ratio time at 85°C, time at 85°C,

min min

Class G well 0 0.39 -90 -90
cement 0.4 0.48 -300 >360

0.7 0.54 >360
1.0 0.62 >360

20/80 SIC ralio 0 0.31 -60 -90
AASC 0.4 0.38 -90 -120

0.7 0.44 -120 -180
1.0 0.52 -120 -210

1.2 Sodium carboxymethyl cellulose (CMC) additive as self-degradation promoter
Two thermal analytical tools, DSC and TGA, were employed to study the thermal
decomposition of CMC as a self-degradation promoter of sealers.

Figure 2 depicts the DSC curve of the CMC at temperdtures from 100° to 450°C in
nitrogen; it encompa"ses two endothermic-transition peaks, Tpl and Tp2, at 270° and
304°C. Sinee these endothermic peaks renect the therntal decomposition of the samples,
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CMC seemingly undergoes a two-stage decomposition process. The onset of the fIrst
stage began at 165°C, denoted as TOI and ended at 295°C, marked as T02. The second
stage occurred at 295°and ended at 322°C as T~. To support this information, we
detennined the exothermic decomposition energy evolved on each stage of CMC's
thermal decomposition from the closed areas of the curves with the baseline. The values
for the first- and second-stages were 510.8 and 53.8 JIg. respectively, meaning that the
most of CMC's decomposition took place at temperatures between 165°C and 295°C.

In addition, we employed TGA to obtain information on the quantitative analysis and
kinetic study ofCMe's thermal decomposition (Figure 3). The TGA curve revealed that
its decomposition began at 168°C, which closely resembled to that obtained from DCS,
and was completed at 303°C. The total loss in weight ofCMC occuning between 168°
and 303°C was 42.6 %, implying that a large volume of gaseous species was emitted
during the decomposition of CMC. The thermal decomposition kinetic computed by
integrating the closed areas of curves with the baseline revealed that a half of CMC's
total weight loss took place at temperatures from 168° to - 260°C. Unlike DSC, TGA did
not show any other weight loss related to its second stage of decomposition.
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Figure 2. DSC curve ofCMC.

14



'"
TGA..

168a C
,~ --- .......-'-

'"
! ~.. '" '"

l

£ i
"

"
'"

"

" , . ~. ,
'ro

.- r···
1~ zoo 25G

Tflrrper81lJ1a I·C)

.~

Figure 3. TCA curve ofCMC.

OUf study next shifted to clarifying the chemistry of CMC's thermal decomposition. To
do so, Ff-IR analyses in lhc wavenumber region, 3500-700 em-I were carried out for
non-heated and heated CMC at 200°, 250Q

, and 300°C for 24 hours (Figure 4). Based
upon the chemical structure oreMe in Figure I, in conjunction with literature survey
[32-34J. the spectrum (a) of the 80a C-made CMC film included several prominent
absorption bands at 2925 and 2864 em,l associated with C-H anti-symmetric and
symmetric stretching vibrations, at 1603 em'l belonged to aromatic C=C stretching mcxlc,
at 1576 em'l shoulder attributed to C-O anti-symmetric stretching in the carboxylate ion
group. -COO' ,at 1400 em-I due to -CH2 scissoring overlapped with C-O symmetric
stretching in -COO·, at 1329 cm-] related to both -CH2 scissoring and C-OH bending, at
1157 cm-] referred to C-O-C stretching in the ether group. and both at 1057 and 1020
cm- I assignable to C-O stretching in >CH·O-CH2- linkage. Compared with this, FT-IR
spectrum (b) of the 200°C-heated CMC film was characterized by declining the band
intensity at 1329, 1057, and 1020 cm-I, and disappearing the band at 1157 em-I,
demonstmting that heating the CMC at 200°C entailed the breakage and rupture of
scvemllinkagcs, such as C·OH, C-O-C, and >CH-O-CHr within CMC's molecular
structure. Further increasing temperature to 250°C incorporated five new bands at 1685,
1457,879,835. and 780 cm- l into the spectrum (c). The possible contributors to these
new bands at 1685 and 1457 cm-1 were the carbonyl, C=O, in ketone species fonncd by
intra· ring dehydration l35,36] and a carbonated compound like sodium carbonate,
Na2COJ [371, respectively. The other new bands emerging in low wavernumber region <
900 cm"] might be associated with the organic fragments yielded by thermal degradation
of CMC. This spectrum also strongly represented that the band at 1576 cm-1 attributed to
-COO- ionic group had become one of the major peaks, while the aromatic- and >CH-O­
CH2- linkage-related bands had vanished. Thus, the thermal decomposition of CMC at
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250°C seemingly generates many --eOO- groups that are converted into organic acid in
an aqueous media. Several investigators [9,IIJ reported that this thermal decomposition
generated volatile decomposition products, such as CO, CO2, CH4, water, and acetic acid.
Among those, the major decomposition product at 250°C was acetic acid, which occupies
more than 40 % of it'i total amount. This information strongly supported the likelihood of
--Coo- -----t organic acid transformation as well a'i the formation of sodium carbonate from
the intemctions between two decomposition by-products of CMC, sodium oxide and
CO2• At 300°C, the spectrum (d) revealed the incorporation of more C=O group and Na
carbonate into the thermally degraded CMC, as reflected in the pronounced growth of
bands at 1685 and 1457 cm- I coexisting with the new band at 849 cm-I attributed to
carbonate.
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Figure 4. FT-IR spectrafor80"C4 made CMCfilm (a), and 2oo"C- (b), 250't:4 (c). and
300'C·!leated CMCs (d).

1.3 Thermal decomposition behaviors of CMC in AACM
Based upon information described above, our focus next centered on investigating the
thermal decomposition behaviors oreMC present in AACM. To elucidate them fully, we
analyzed 1.0 % CMC-modified 20/80 SIC ratio specimens by Ff·IR. All specimens were
dried in an oven at 85°C for 24 hours before analyzing them. The "as-received" slag and
Class C fly ash were used as reference materials. Figure 5 illustrdtes the Ff-IR spectra of
these references; for slag, the spectrum had three prominent bands at -2923 cm- ,- 1620
em-I, and -1430cm- l

, and one wide band in the range of 1050 to 820cm- l
. The first two

hands are associated with water adsorbed into cemcntitious body, while the third band is
due to the carbonated compounds. In contrast, no carbonation product was found in C1~ss
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C Oy ash_ Figure 6 compares the spectral features of specimens made under the room
temperature for 24 hours and under four different conditions. The spectrum (a) of the
room temperature-cured specimen, followed by heating at 80°C displayed CMC-rclated
bands at 1597, 1405, and 1354 cm- I in conjunction with that from carbonates at 1450
em-I, and from water at 2923, 2853, and 1627 em-I. Similar spectral feature, except for
the appearance of carbonate-related band at 1420 cm· l

, was obtained from specimen
autoclaved at 200°C for 5 hours (b), strongly suggesting that CMC didn't fully
decompose during such a short-term exposure in hydrothermal environment. In
comparison, the feature,;; of specimen (c) heated at 200°C for 24 hours was different; in
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Figure 5. rt-IR Jpectra for slag and Class Cfly ash as references.

particular, all CMC-related bands were eliminated, but the band at 1420 em-I expressed
marked growth. As discussed in the DSC and TGA studies of bulk CMC, the thennal
degradation of CMC begun at _170°C, subsequently, causing the emission of CO2.
Hence, it is reasonable to consider that the in-situ dry carbonation reactions between the
CO2 and alkaline earth metals,like the Ca from slag and Class C Oy ash or alkaline
metals like Na from CMC occurred in these cementitious bodies during heating, and lead
to the formation of carbonation products, such as CaCOz and Na2CO). At 250° (d) and
300°C (c), their spectral features closely resembled to that at 200°C.

As a result, at 2:200°C, the extent of thermal decompoSition of CMC in AACM seemingly
depended on the duration of exposure time; namely, a short-term autoclave treatment of
specimens for 5 hours wa... not as efficacious in the generation of gaseous phase emitted
by CMC's thermal decomposition as that of the 24·hour long heat-treated specimens at
the same temperature.
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