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Abstract: This work contributes to our understanding of the properties of geopolymers as waste
forms made of three pozzolans, to be used, e.g., to immobilize liquid low-activity radioactive waste.
A binary blast furnace slag and metakaolin geopolymer composition was tailored to achieve flexible
rheological properties and workability for in-can mixing or mixing/pumping applications by adding
fly ash, a third pozzolan. We investigated quantitatively the early stages of geopolymerization (before
and after setting) of alkali-activated slag–metakaolin–fly ash pozzolans. The effect of fly ash glass
particle size on material properties was studied as well. Measurements include heat of reaction,
compressive strength, yield stress, plastic viscosity, rheological setting, as well as initial and final
setting following the Vicat method. A rheological time of initial setting is suggested for geopolymers,
in analogy to Portland cement. The results of Vicat needle and rheological measurements are
compared and quantitatively related to heat and set time data. Maximum heat flow and compressive
strength are linearly correlated.
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1. Introduction

Cementitious materials are the most frequently used waste forms worldwide to stabi-
lize and solidify liquid wastes with hazardous elements and relatively low concentrations of
radionuclides [1–4]. These materials all contain a certain amount of Portland cement. Alter-
native waste forms are being developed and tested, including geopolymers, which are free
of Portland cement [1]. Geopolymers are made from alkali-activated pozzolanic raw mate-
rials, such as metakaolin, blast furnace slag, and fly ash. If renewable energies were used to
produce the activating alkali (NaOH), the already low CO2 footprint of most geopolymers
would become almost negligible. Alkali-activated metakaolin and low-calcium fly ash
typically yield a quasi-amorphous zeolitic structure with absorption sites available for ra-
dionuclides. Alkali-activated blast furnace slag (BFS) yields alkali-substituted, cross-linked
calcium aluminosilicate hydrate and secondary phases such as hydrotalcite or AFm phases,
potential hosts for anionic radionuclides. Blast furnace slag can fixate 99Tc by reducing the
pertechnetate (TcO4

−) ion to insoluble TcO2 [5]. Geopolymers exhibit a significantly higher
resistance to the attack of chemicals such as sulfuric acid, nitric acid, hydrochloric acid,
and organic acids than ordinary Portland cement (OPC), making them attractive candidate
waste forms for a range of radioactive and hazardous waste streams. Many studies on
alkali-activated materials focus on measuring the properties of only one or mixtures of two
pozzolanic raw materials [6–11]. Studies of ternary mixtures of three raw materials are
less frequently conducted [12]. Rashad provided an overview of the influence of different
additives on the properties of alkali-activated slag [13].

We have developed a geopolymer, named DuraLith [14,15], as part of a candidate
waste form development and testing program to immobilize Hanford Secondary Waste
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(HSW), a stream of liquid low-level radioactive waste from the off-gas treatment systems
during vitrification of radioactive wastes in the Waste Treatment and Immobilization Plant
(WTP). The waste stream contains low concentrations of 99Tc, 129I, and non-radioactive
constituents of concern. The geopolymer fixated the technetium and the hazard elements
very well. Fixation of iodine requires further work [14,15]. The detailed compositions
of these wastes can be found in reference [4]. Other candidate waste forms were Cast
Stone and Ceramicrete [16]. The geopolymer waste form is made of blast furnace slag–
metakaolin blends to which an amended waste solution is added. It exhibits superior
mechanical strength and comparable chemical durability to those of the other waste
form candidates [16]. However, the geopolymer paste showed rapid setting behavior
with a relatively short workable time during industrial-scale testing, potentially limiting
waste processability. A third pozzolan, less-reactive fly ash, was included to improve
the binary formulations, yielding a satisfactory set time in the laboratory [17] and at the
engineering scale [18].

In-can mixing [19] and mixing/pumping processes have been developed to produce
cementitious waste forms with or without Portland cement. The successful placement of
fresh waste form grouts depends on rheological properties such as yield stress, plastic
viscosity, setting and stiffening, and their time dependencies (workability). Many studies
have been published on rheological properties of Portland cement-based mortars [20–26]
and on geopolymer materials [27–31]. Struble and Lei [24] reported that the rapid increase
in yield stress indicates initial setting of a Portland cement mortar. Setting was indicated by
a sharp rise in yield stress, at a time when the Vicat penetration measurements still showed
nothing. Kashani et al. [32] used the creeping sphere method to measure the time-resolved
yield stress of alkali-activated slag pastes up to 140 min. In this study, blast furnace slag
was sequentially substituted with two Class F fly ashes with different particle sizes in the
binary blast furnace slag–metakaolin geopolymer to further broaden the chemical domain
for solidifying and stabilizing HSW with a focus on the time dependence of fresh and cured
properties. Geopolymer waste forms were tailored for flexible rheological properties and
workability that allow for the adequate mixing, casting, and placement of fresh waste forms
via in-can mixing or mixing and pumping.

We conducted a quantitative investigation of properties of mixtures of three pozzolans
before, during, and after setting, including rheological properties, heat of reaction, and
compressive strength. We show and discuss quantitative relationships between several of
these properties. These relationships allow for the prediction of long-term performance
based on early properties of a waste form. To the best of our knowledge, these relationships
have not yet been established quantitatively for geopolymer waste forms.

2. Materials and Methods
2.1. Materials

The raw materials were Ultrafine Micron 3 fly ash (UM3) and Rockdale fly ash (RFA),
both Class F fly ashes (FAs), from Boral Material Technologies Inc. (Reidsville, NC, USA) as
well as ground granulated blast furnace slag (GGBFS) grade 120 from Sparrow Point Plant,
Baltimore, MD, USA (Lafarge-Holcim North America, Inc.), called slag in the following,
metakaolin (MK) from Thiele Kaolin Company (Sandersville, GA, USA), silica fume (SF)
from Norchem Inc. (Hauppauge, NY, USA), and river sand from Aggregate Industries
(Severn, MD, USA). The RFA Fly ash UM3 is a more fine-grained portion of RFA.

Chemical analyses of all raw materials except river sand were conducted by X-ray
fluorescence (XRF) using a PANalytical AXIOS-max advanced X-ray fluorescence instru-
ment. Both fly ashes contained close to 90 wt.% glass, which contained almost the same
amounts of Al2O3 and CaO. The SiO2 content was slightly higher in the Rockdale fly ash.
The blast furnace slag contained about 95 wt.% glass, which consisted mainly of SiO2,
Al2O3, CaO, and MgO. Metakaolin (Al2Si2O7) is the dehydroxylated clay mineral kaolin
(Al2Si2O5(OH)4), and silica fume (micro silica) is a byproduct of silicon and ferrosilicon
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production. Silica fume is practically pure amorphous SiO2, but it contained ≤0.5 wt.% Si,
which was not determined.

The particle size distributions of the fly ashes were measured with a Microtrac S3500
particle size analyzer. The particle size range of UM3 was 0.5 µm to 25 µm and that of RFA
was 0.7 µm to 500 µm. The most frequent particle size of UM3 was ≈6 µm and that of RFA
was ≈50 µm.

A simulated HSW with a total of six moles per liter of Na+ was employed to pre-
pare geopolymer waste forms. The simulated HSW was essentially a sodium hydroxide
(2.38 moles/L) and sodium nitrate (1.97 moles/L) solution containing 0.56 moles/L
aluminum hydroxide (Supplementary Material, Table S1). The simulated solution was
spiked with rhenium (replacing 99Tc) and non-radioactive iodide (replacing 129I).

2.2. Activator Solution

The activator for the pozzolans was made by amending a simulated HSW solution,
which contained already 1 M NaOH. The waste solution was concentrated to 6 M Na+ for a
higher waste loading. The composition of the original HSW waste solution is given in the
Supplementary Material, Table S1. Table 1 shows the recipe for 1 kg of activator solution.

Table 1. Recipe for 1000 g of activator solution.

Chemicals Mass (g)

HSW simulant 6 M Na 666
Solid KOH (91%) 143

Solid NaOH (99%) 12
Silica fume (96%) 179

To adapt the composition of the activator solution to that of the pozzolans, several con-
straining parameters were applied to provide an optimal condition for geopolymerization.
These parameters are the mass ratios for slag and fly ash. The water-to-slag and water-to-fly
ash ratios were 0.35:1. The Na2O-to-slag, the Na2O-to-fly ash, the soluble silica-to-slag,
and the soluble silica-to-fly ash ratios were 0.075:1. The molar ratios for metakaolin are
3.75:1 for SiO2:Al2O3, 9.8:1 for H2O:M2O, and 1.05:1 for M2O:Al2O3 (M2O = Na2O + K2O).
Potassium hydroxide was dissolved in the amended HSW solution to achieve a molar
MOH (M = K, Na) of 8.75. Finally, silica fume was dissolved in it to finish the activator
solution. After having added the alkali hydroxides and the silica fume, the solution was
stored for at least three days at room temperature to ensure complete dissolution of the
silica fume.

2.3. Geopolymer Samples Preparation

Table 2 shows the geopolymer mortar recipes. The mass of fly ash (UM3 or RFA)
increases from A to E, replacing the blast furnace slag (BFS) gram-for-gram.

Table 2. Recipe for 1 kg of geopolymer sample (masses in grams).

%FA FA Slag MK Sand SF Activator Total

A 0 0 296 103 189 10 402 1000
B 15 59 237 103 189 10 402 1000
C 30 118 178 103 189 10 402 1000
D 45 178 118 103 189 10 402 1000
E 60 237 59 103 189 10 402 1000

Figure 1 illustrates the mixtures of raw materials that were used. Point A is the binary
MK (25 wt.%) and BFS (75 wt.%) mixture. Points B to E show increasing amounts of FA
substituting for slag in 15 wt.% steps, keeping the MK concentration at 25 wt.%. We worked
with two fly ashes, UM3 and RFA. Therefore, there are two series of substitutions. In the
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following text, B4 to E4 refers to work with UM3, and B5 to E5 refers to work with RFA.
Pure MK, BFS, UM3, and RFA were alkali-activated and studied as well.
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Figure 1. Mixtures of pozzolanic starting materials. Letters A–E indicate geopolymer compoisitions
and the arrow points to the direction with increasing slag replacement by fly ash.

Geopolymer samples were prepared at room temperature by a chemical reaction
between the activator solution and the pozzolanic raw materials. The reaction prod-
ucts depend on the type of pozzolans. Typically, a gel forms and polymerizes into a
three-dimensional network of aluminate and silicate tetrahedra which resembles that of
zeolites. Water is a condensation product and is expelled. At the same time, calcium
aluminum silicate hydrate may form, which retains water.

For the process of mixing, we used a 7 qt (6.6-L) planetary mixer at an intermediate
speed for 5 min to obtain a homogeneous paste. The fresh paste was sampled for a set time
and rheology tests as well as filled into 2 × 4 inch cylindrical plastic forms. The samples
were placed on a vibrating table for a few minutes to remove bubbles. These samples
were then sealed with a lid and cured at room temperature until compressive strength
measurements were performed.

2.4. Rheology Measurements

We used a Viskomat NT Mortar Rheometer (Schleibinger, Germany). This type of
rheometer has been employed frequently to study rheological properties of cementitious
and geopolymer materials [33].

A cylindrical sample container rotates and causes the geopolymer paste to flow
through the blades of an impeller. This exerts a torque (T), which is measured by a
transducer. A series of data points of torque and rotational speed, i.e., the shear rate (N),
are recorded. The maximum torque was 250 N·mm and measured every second. The
rheological data acquisition was up to 130 min. The maximum speed of the container
was 50 rpm. At the beginning of a measurement, a high-precision synchronous motor
increased the cylinder’s speed linearly within 2.5 min from 0 to 50 rpm and then decelerated
linearly to 0 rpm within another 2.5 min to complete an “up-curve” and “down-curve”
cycle. After resting for 5 min, this cycle repeated itself automatically until the maximum
torque was reached.

2.5. Vicat Needle Test

Initial and final times of setting were measured with a Vicatronic Model E044N
Automatic Vicat needle penetration instrument (Matest, Italy) following ASTM C191.

2.6. Heat of Reaction

This property was measured at 25 ◦C with a TAM Air Model 3116 Isothermal Con-
duction Calorimeter (TA Instruments, New Castle, DE, USA). Dry ingredients and the
activator were mixed with a hand-held mixer for 1 min. Typically, the paste weighed
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about 120 g. About 7.5 g of paste was put into a glass vial, capped, and placed into the
calorimeter. The time between the contact of solids and the liquid and the beginning of the
measurement was several minutes. Establishing thermal equilibrium between the sample
and the calorimeter may have affected the data taken during the first few minutes. Most
heat measurements were conducted for 21 days.

2.7. Compressive Strength

Compressive strength was measured with a calibrated Humboldt CM-4000-SD Test
Mark instrument. The experimental conditions of ASTM C39 (2004) were as follows.
The compression machine was calibrated against NIST Traceable load cell test standards.
Samples were cylindrical, 2′′ in diameter, and 4′′ high. They were cured for 1, 3, 7, 14, 21,
and 28 days at room temperature (about 21 ◦C) with a tight lid on each sample.

2.8. Scanning Electron Microscopy

A JEOL KSM-5910LV scanning electron microscope (SEM) with an Oxford INCA EDS
acquisition system and a CCD camera was utilized to characterize geopolymer samples in
terms of morphology, phases, and the measurement of gel compositions semi-quantitatively.
All SEM studies were conducted with 28-day-old samples. Samples were prepared by
embedding small geopolymer pieces in epoxy resin, polishing, and carbon coating.

3. Results
3.1. Rheology

The results of rheology measurements are shown in Figures 2 and 3.
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Figure 2. Change in ‘hp’ with the age of pastes and percentages (0–60 wt.%) of (a) UM3 and
(b) RFA. Two rheological processes indicated by striangth line control the fresh grout sequentially.
The crossing point is the rheological set time (Point B) (See Section 4.1).

The Bingham equation can be written as T = g + hp · n (T in N ·mm, g in N ·mm, hp in
N ·mm · s, and n in 1/s); g is proportional to yield stress and hp to plastic viscosity. The
time that elapsed between the contact of the activator and the premixed raw materials and
the beginning of a measurement in the rheometer was about 12 min. The slopes (hp) and the
respective intercepts (g) are shown in Figures 2 and 3 as a function of age and composition
(A to E4 and A to E5), respectively. The boxed points A, B, and C will be discussed in
Section 4.
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3.2. Vicat Needle Test

Results are shown in Table 3. The time it took until the paste made with the coarse-
grained RFA solidified was longer than that of the fine-grained fly ash UM3. This is in
good agreement with Hu et al. [34], who reported that fly ashes with smaller particles show
shorter Vicat set times than those with larger particles.

Table 3. Vicat times of setting of geopolymers with one, two, and three pozzolans.

Raw Materials Sample ID Initial Setting (min) Final Setting (min)

One

GGBFS 151 186
MK 513 780

UM3 207 318
RFA 1645 >1980

Two (GGBFS + MK) A * 84 177

Three (GGBFS + MK + UM3)

B4 * 99 180
C4 107 186
D4 156 219
E4 159 240

Three (GGBFS + MK + RFA)

B5 * 96 187
C5 128 211
D5 151 240
E5 217 285

* Note: Letters are explained in Figure 1. (4) is UM3 and (5) is RFA.

3.3. Heat of Reaction

Results are shown in Figures 4 and 5. Figure 4a shows the cumulative heat release
of each raw material for the first six hours. The heat increases with time, i.e., as the
geopolymerization progresses. Slag produced the highest cumulative heat, followed by MK.
The two fly ashes released considerably less heat during geopolymerization. As expected,
the fine-grained fly ash UM3 reacted faster and released more heat than RFA. This agrees
with Grzeszczyk and Lipowski [35] and Bentz et al. [21], who found qualitatively the same
difference for fine- and coarse-grained fly ashes.
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In Figure 4b, we have plotted the specific heat flow of the four materials for the first
24 h. Figure 4b shows a one- to two-hour incubation period for slag and MK after the decay
of the dissolution peaks, followed by an acceleration/deceleration peak, which suggests
precipitation of reaction products [35–37], i.e., the geopolymer gel.

We selected RFA (series B5 to E5, i.e., the successive replacement of slag by RFA) for a
more detailed study on heat release. The respective reactions with UM3 were too fast to
analyze the heat effects as reliably as with RFA. Figure 5a shows cumulative heat releases
for the first six hours. As expected, the releases decreased with the decreasing concentration
of slag in the mix. Two calorimetric events were recorded for all samples and are shown in
Figure 5b: dissolution (only partially captured) and a peak related to geopolymerization.
The different starting points of the curves relate to the time that elapsed between the start
of mixing and placement of the sample in the calorimeter. Dissolution happened in less
than 20 min but was incomplete for RFA, as was seen under the SEM in solidified samples
(Section 3.5). Even the smaller glass particles in the fly ash were not fully dissolved after
28 days. Figure 5c shows the cumulative heat release over 21 days.

3.4. Compressive Strength

Compressive strength results are shown in Table 4.

Table 4. Compressive strength results for geopolymers with two and three pozzolans.

Time
(Days)

Compressive Strength (MPa)

A *
UM3 RFA

B4 C4 D4 E4 B5 C5 D5 E5

1 33 23 18 16 14 30 20 14 14
3 65 49 39 33 25 43 37 29 27
7 78 76 57 38 35 75 60 43 33

14 100 93 79 52 43 93 72 55 37
21 111 105 82 60 53 103 80 64 40
28 120 107 88 64 56 112 103 72 43

* 75% GGBFS + 25% MK.

The geopolymer ‘A’ (MK–slag paste) always showed the highest compressive strength.
‘A’ produced the highest amount of heat and therefore the highest mass of gel. Increasing
the substitution of slag by fly ash decreases the compressive strengths because less and less
gel forms.

3.5. Scanning Electron Microscopy

Figure 6 shows backscatter micrographs of samples B4 and E4 as well as backscatter
micrographs of samples B5 and E5. All samples were cured for 28 days. The respective
compressive strength data are shown in Table 4. The concentrations of the three pozzolans
(slag, FA, MK) in B4 and B5 were 60/15/25 and in E4 and E5 were 15/60/25. The FA in B4
and E4 was UM3 and RFA in B5 and E5. The white particles are slag, the big gray particles
are sand, and the circular particles are fly ash glass. The matrix phase is gel. The pores
are black. The cracks are artifacts due to sample preparation. Glass particles are much
larger in B5 and E5 (RFA) than in B4 and E4 (UM3). Gel compositions could not be correctly
measured due to contamination from the elevated salt concentrations in the HSW.



Minerals 2023, 13, 999 9 of 17

Minerals 2023, 13, x FOR PEER REVIEW 9 of 17 
 

 

14 100 93 79 52 43 93 72 55 37 
21 111 105 82 60 53 103 80 64 40 
28 120 107 88 64 56 112 103 72 43 

* 75% GGBFS + 25% MK. 

The geopolymer ‘A’ (MK–slag paste) always showed the highest compressive 
strength. ‘A’ produced the highest amount of heat and therefore the highest mass of gel. 
Increasing the substitution of slag by fly ash decreases the compressive strengths because 
less and less gel forms. 

3.5. Scanning Electron Microscopy 
Figure 6 shows backscatter micrographs of samples B4 and E4 as well as backscatter 

micrographs of samples B5 and E5. All samples were cured for 28 days. The respective 
compressive strength data are shown in Table 4. The concentrations of the three pozzolans 
(slag, FA, MK) in B4 and B5 were 60/15/25 and in E4 and E5 were 15/60/25. The FA in B4 
and E4 was UM3 and RFA in B5 and E5. The white particles are slag, the big gray particles 
are sand, and the circular particles are fly ash glass. The matrix phase is gel. The pores are 
black. The cracks are artifacts due to sample preparation. Glass particles are much larger 
in B5 and E5 (RFA) than in B4 and E4 (UM3). Gel compositions could not be correctly 
measured due to contamination from the elevated salt concentrations in the HSW. 

 
Figure 6. Backscatter images of four geopolymers made from three pozzolans (samples B4, E4, B5, 
and E5, cured for 28 days, scale bar is 100 µm). 

  

Figure 6. Backscatter images of four geopolymers made from three pozzolans (samples B4, E4, B5,
and E5, cured for 28 days, scale bar is 100 µm).

4. Discussion
4.1. Rheological Time of Setting, Yield Stress, Plastic Viscosity

Amziane and Ferraris [38] were the first to quantify a rheological fluid-to-solid
transition for Portland cement-based pastes. We have applied their findings to our
geopolymer pastes.

We discuss the more slowly reacting Rockdale fly ash (RFA) first and then the ultrafine
fly ash (UM3). The finer-grained fly ash reacts faster because it has a higher specific surface
area. As more RFA replaces slag (Figures 2b and 3b, curves B5 to E5), hp and g change less
and less with the age of the paste. However, as time progresses, the dependence becomes
significant again. We represent our data by two straight lines as shown for example for
E5 in Figures 2b and 3b. One line follows the data from point A to B, the other from
B to C. Point A denotes the earliest measurable values of hp and g, respectively. Point
C denotes the highest value measured without risking damage to the instrument. The
two lines AB and BC intersect at point B. Amziane and Ferraris [38] identified point B as
the fluid-to-solid state transition. This is the rheological time of initial setting. We do the
same and suggest point B as the rheological point of initial setting of our geopolymer pastes.
Struble and Leit [24] related a rapid increase in the yield stress of a Portland cement paste
to the transition from liquid to solid. Recent work conducted by Arnoult et al. [31] showed
that setting is related to a rapid increase in viscosity in geopolymer mixtures.

The fluid-to-solid transition reported by Amziane and Ferraris [38] was sharper than
the ones in this study. The sharpness of the transition between AB and BC depends on
the underlying chemical reactions and their rates, i.e., on the composition and particle
size of the pozzolans. As expected, the transition occurred much earlier with the finer,
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i.e., faster-reacting, fly ash UM3 (Figures 2a and 3a) than with RFA (Figures 2b and 3b).
An effect of particle size on the sharpness of the transition was not seen. The composition
of the two fly ashes is very similar. The rate of geopolymerization is determined by the
specific surface area of the glass particles in the fly ash. The increase in hp and g after
the fluid-to-solid transition can be interpreted as the appearance of and rapid increase in
contact points between growing gel islands.

The plastic viscosity hp was high initially (Figure 2) for the geopolymer paste of
composition A because of the early start of geopolymerization and early setting. Small
additions of one or the other fly ash did not affect the polymerization initially but slowed the
process later, keeping hp below the respective values for paste A. Increasing the substitution
of fly ash for slag lowers the polymerization rates and keeps the paste in a fluid state
for longer.

The increase in g (yield stress) with time (Figure 3) reflects the increasing elasticity of
the growing and aging geopolymer network. It is not surprising that the energy needed
to destroy this network increases with time. Wallevik [22] has shown for Portland cement
pastes that the time-dependent behavior of the paste can be modeled by its thixotropic
behavior (coagulation, dispersion, re-coagulation) and its structural breakdown behavior.

4.2. Rheological and Vicat Times of Setting

We have averaged the intercepts B for hp and g from Figures 2 and 3 and show them
for the fly ash UM3 in Figure 7a and for the fly ash RFA in Figure 7b. These data have been
marked ‘Rheol’. In both Figure 7a,b, we compare the rheological times of initial setting
with those measured with the Vicat needle. Both methods show qualitatively the same
results for both fly ashes. For UM3, there was a linear increase by a factor of two for the
times of initial setting over the 60% range of materials exchange (Figure 7a). For RFA, there
was a more than linear increase in the times of initial setting detected by both methods
(Figure 7b). The increase from 0 to 60 wt.% materials exchange is only roughly a factor
of three for the Vicat time of initial setting versus five in the rheological results. This is
in qualitative agreement with work conducted on PC pastes [31,39]. The rheologically
measured setting occurred earlier than that measured with the Vicat test. The falling 300 g
Vicat needle would stop at a depth of 25 mm (indicating initial setting), if the shear stress of
the paste reached 19 kPa [25], a value obviously higher than that reached at fluid-to-solid
transitions measured rheologically. The depth of 25 mm and the mass of the needle are
characteristics of a standardized test procedure, e.g., ASTM C191. Hence, only relative
material properties can be measured. Rheometer measurements are absolute.
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The more than linear increase in the times of initial setting detected by both methods
(Figure 7b) suggests that the process of forming a continuous gel and thus reaching the
fluid-to-solid transition may be increasingly delayed due to the slowing dissolution of the
larger glass particles in RFA, a phenomenon less pronounced for the much smaller glass
particles of UM3 fly ash (Figure 7a). The kinetics of fly ash glass dissolution have been
studied in detail in [40].

For practical purposes, the simpler Vicat test is widely used to determine times of
initial setting. Frequently, the initial slope of a Vicat curve is very steep, i.e., the paste
stiffens almost suddenly and the time between pumpable and non-pumpable near initial
setting can be unacceptably short. It is well known that rheological setting occurs faster that
that measured by the Vicat test. Hence, knowledge of both rheological and Vicat setting
in a given composition range as shown in Figure 7a,b provides sufficient information for
how long a paste can be stirred, pumped, or poured. The range of time below and above
the curve of rheological setting can be considered to be risk-free and risky, respectively, in
terms of workability.

In terms of the practical significance of rheological data, naturally the absolute values
depend on the process chosen, i.e., how the fresh paste is moved and poured into its
final shape. Therefore, we discuss only the relative effects of composition changes and
particle size. Because liquid low-level wastes usually occur in relatively high volumes or
quantities compared with liquid high-level radioactive waste, the volume of the solidified
waste is much larger than that of solidified high-level waste. To limit the materials cost
of a geopolymer of a low-level radioactive waste form, we chose blast furnace slag as the
primary ingredient with an admixture of only 25 wt.% of the more expensive metakaolin.
Replacing fractions of the blast furnace slag with fly ash has little impact on cost. As we see,
the impact of fly ash and its particle size on the rheological properties can be substantial.
For example, the pressure needed to overcome the paste’s elasticity, i.e., the yield point
if a batch is not constantly kept in motion, is strongly affected by the grain size of the fly
ash. Figure 3b (RFA) shows that a freshly made paste with the coarser fly ash may stay at
rest for an hour without a significant increase in the yield point. The effect of fine-grained
fly ash is much less pronounced (Figure 3a). A similar effect of grain size can be seen on
flowability (plastic viscosity) in Figure 2a,b.

4.3. Heat Flow, Cumulative Heat Release, and Times of Setting

Comparing Figures 4b and 5b yields the following. The maximum specific heat flow
and thus the maximum rate of geopolymerization in the system with two pozzolanic raw
materials (Figure 5b, curve A) occurred after 40 min, 10 times earlier than for pure slag
and about 20 times earlier than for pure MK (Figure 4b). These times are short for many
practical applications because they indicate a short time of workability due to the early
setting. The benefit of introducing a third component is obvious: the peak of the specific
heat flow (Figure 5b) dropped as more RFA was introduced at the expense of slag (curves B5
to E5). The decreasing generation of heat indicates less formation of gel, and the increasing
asymmetry of the decreasing heat peaks indicates slower formation of gel. The compressive
strength decreases with increasing fly ash (Table 4). Since the compressive strength of
the geopolymer with two pozzolans is high (120 MPa), the introduction of fly ash leaves
sufficient flexibility to increase the set times and still produce geopolymers with relatively
high compressive strengths (Table 4). After gelation, the polymer network continues to
rearrange and reorganize as the connectivity of the network increases, which could explain
the third heat flow peak at 23 h (Figure 4b) for MK.

Maximum heat flow data (Figure 5b) are compiled in Table 5. The decrease in the
maxima in Column 2 shows that the heat flow generated with the binary pozzolans (A)
is significantly reduced by adding RFA (B5 to E5). The cumulative heat release from the
pozzolans up to initial setting (Vicat) is shown in Column 3. Times of initial setting (Vicat)
are shown in Column 4. We found the values in Column 3 by reading the cumulative heat
data for each initial set time from the respective curves in Figure 5a. As shown, the heat
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release is almost constant for all Vicat times of initial setting. If one accepts the premise that
the cumulative heat release is a measure of the extent of the reaction, this result provides
independent calorimetric confirmation that the observed setting time is a consequence of
the reaction having produced a distinct amount of gel, independent of the composition of
the mix of starting materials. This finding also suggests that the gel compositions cannot be
too different from each other to produce the same amount of energy. We measured the heat
release for 21 days (Figure 5c). Sample A in Figure 5c generated about 130 J/g after 21 days.
We assume that this value is not too far away from the total heat release (the end of the
geopolymerization). Taking 130 J/g and the value for A in Column 3, we estimate that
setting occurs when about 10% of all chemical reactions (the extent of the reaction or the
reaction progress) is complete. To find the total heat release (the completion of all reactions
associated with the formation of a geopolymer), measurements must be continued beyond
21 days, which were not performed. Hence, the estimated 10% value above may be larger
than the real value. It is clear from Figure 5c that the geopolymers containing RFA are
farther away from the end of the reaction than geopolymer A with only two pozzolans.

Table 5. Heat and set time data of geopolymer pastes with two and three pozzolans (fly ash is RFA).

Sample
ID

Maximum
Heat Flow

(mW/g)

Cumulative Heat
at Vicat

Initial Setting (J/g)

Vicat
Initial Time of
Setting (min)

Cumulative Heat at
Rheological

Time of Setting (J/g)

Rheological Time
of Setting (min)

A 3.1 12.1 84 4.7 21
B5 2.7 12.7 96 6.0 32
C5 2.2 13.0 128 6.0 48
D5 1.7 12.0 151 7.1 75
E5 1.2 12.6 217 7.2 103

The rheologically determined times of setting are shown in Column 6 of Table 5. The
corresponding cumulative heat releases from Figure 5a are in Column 5. The times of
setting are much shorter and the specific energies and thus the masses of gel needed to
reach the liquid-to-solid transition are much smaller than the respective values for the Vicat
test. The first rheological time of setting is only 21 min and is subject to some experimental
uncertainty, which depends on how precisely the time of making the paste can be measured
and how much time elapses between the end of mixing the paste and the beginning of heat
measurements in the calorimeter. These uncertainties decrease with increasing times of
setting. Therefore, we evaluate only the times of setting of samples B5 to E5 and suggest
that these values can be considered constant with an average value of 6.6 J/g± 10%. Hence,
like with the Vicat time of setting, a certain composition-independent amount of gel is
needed to reach the rheological initial time of setting. The maximum heat flow (Table 5,
Column 2) is a measure of how fast the geopolymer gel is produced and should therefore be
an indication, on a relative basis, of when to expect setting. Figure 8 shows the relationship
between the maximum heat flow and initial setting determined by the Vicat needle test and
for the rheologically measured time of setting. The reason that there are curves rather than
straight lines may be the same as suggested in Section 4.2, i.e., the slowing dissolution of
the glass particles in the RFA.
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4.4. Heat of Reaction and Mechanical Strength

Benz et al. [41] analyzed material properties of over 200 PC mortars related to strength.
They reported that predictions of mechanical strength can be made with an uncertainty of
about ±10%. Attempts have been made as well to predict the strength of geopolymers [42].
Reports on the relationships between heat of reaction and compressive strength are still
scarce. Frølich et al. [43] reported a strong correlation at 24 h between cement paste heat of
hydration and compressive strength.

We found for our geopolymers that the maximum heat flow is linearly correlated with
the cumulative heat release from 7 days to the longest measurement of 21 days. More
importantly, the compressive strength after 14 to 28 days was linearly correlated with
the maximum heat flow. The latter relationship is shown for RFA in Figure 9 for five
geopolymers. The correlation factors of the trendlines range between 0.97 and >0.99. To
support the linear relationship, we used Kumar et al.’s heat data [44] and obtained a linear
correlation with r2 ≈ 0.98.

Though these correlations are not particularly surprising, the fact that the relationships
are linear is of practical interest, e.g., when developing geopolymers with high strength [45].
Once the correlation has been established, a short-term heat flow measurement for a new
recipe of similar composition would allow for an estimate of the 28-day compressive
strength without measuring it.

The mechanical durability of the geopolymers depends on gel formation. We have
shown the effect of the mass of a gel and its porosity in different fly ash glasses on mechani-
cal durability [40]. A high yield of gel with a lot of porosity can yield a geopolymer with
less compressive strength than a low yield of gel with low porosity. Here, we found that
compressive strength decreases with decreasing slag concentration (Table 4). The formation
of less gel from slag cannot be compensated for by the gel that forms from the dissolving
fly ash glass. There is hardly any difference in compressive strength between the two fly
ashes, even though more gel is formed by the smaller, faster-dissolving glass particles in
UM3 than by the bigger ones in RFA. Since heat release is correlated with gel formation,
we can look at Figure 4a. This figure shows that the highest amount of gel is formed from
slag, and more is formed by UM3 than by RFA, comparing equal masses of the pozzolans.
The micrographs in Figure 6 show that the porosity of the gel increases significantly when
less gel is formed. This is obvious for both fly ashes when comparing B4 with E4 and B5
with E5. Hence, it is possible that the increasing porosity in the ‘4’ samples and in the ‘5’
samples suppressed a positive effect on compressive strength from UM3 versus RFA.
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Calorimetric data are of practical interest for geopolymer waste forms because the
hardening process, i.e., the evolution of the compressive strength, relies on the presence
of water in the waste form in the early phases of geopolymerization, followed by slow
and complete release later. High rates of heat generation, particularly in larger waste
form units (blocks, etc.), increase the vaporization of water. The decomposition of organic
constituents in the waste may occur due to an internal temperature rise. Limiting the
centerline temperature may be a waste form acceptance criterion for a geopolymer as it is
for glass as a medium for high-level radioactive waste. Additionally, as shown in Figure 9,
heat flow measurements yield within hours information on the compressive strength to be
expected in the long term, an advantage in the phase of waste form development.

4.5. Effects of Fly Ash Particle Size

The fly ash particle size affects all materials’ properties. The fly ash with the smaller
average particle size (UM3) increased the plastic viscosity and the yield stress and decreased
the rheological time of setting of the geopolymer paste, relative to the fly ash with the
coarser particles (RFA). UM3 decreased the Vicat initial and final times of setting vis-à-vis
RFA. The specific heat flow and the cumulative heat release were higher for UM3 at all
times compared with those of RFA. As expected, UM3 produced the geopolymer with the
higher compressive strength.

5. Conclusions

We prepared and investigated geopolymers primarily with three pozzolans as can-
didate waste forms for the immobilization of liquid low-activity radioactive waste, here
Hanford secondary waste (HSW). The pozzolans were blast furnace slag, metakaolin, and
fly ash. Two fly ashes with the same composition but different glass particle sizes were
used. These are our findings:
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• We showed quantitatively that using three instead of two pozzolans significantly
widens the property space. This makes it easier to adapt the geopolymer’s composition,
its workability (stirring, pumping, pouring), and the workable time to a given large-
scale production process;

• Based on plastic viscosity measurements, we reported a rheological time of setting for
geopolymers (initial time of setting);

• The rheological time of setting was always shorter than the Vicat initial times of setting;
• Knowledge of both rheological and Vicat setting for a given composition provides

sufficient information for how long a paste can be stirred, pumped, or poured. The
range of time below and above the rheological setting curve can be considered risk-free
and risky, respectively, in terms of workability;

• The higher the maximum heat flow during geopolymerization, the shorter the Vicat-
and rheological times of setting;

• The amounts of heat released at rheological and Vicat times of setting are different
but independent of the chemical composition of the geopolymers, suggesting that the
same mass of gel must always form to initiate setting;

• Cumulative heat release and compressive strength are linearly correlated with the
maximum heat flow of the reaction. The confidence of these relationships is high
(0.97 < R2 < 0.99). This finding was also seen when the respective literature data for
geopolymers were correlated;

• Knowledge of heat generation during waste form development can help us avoid
deleterious effects, e.g., excessive water loss during curing, particularly in larger
geopolymer waste form units;

• Varying the fly ash particle size affects all materials’ properties significantly.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/min13080999/s1, Table S1: Composition of the Hanford
Secondary Waste (HSW) simulant solution.
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