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� Akadémiai Kiadó, Budapest, Hungary 2019

Abstract
Ceramic materials were satisfactorily processed through a dry scalable process from binary clay–boric acid (H3BO3)

mixtures. Relevant thermal parameters were established by a multitechnique approach that included thermogravimetric,

differential thermal analysis, dilatometric analysis and structural and microstructural characterization of fired samples.

Both clay and boric acid thermal processes were described and correlated. The experimental textural properties evidenced a

porosity decrease with sintering temperature and acid addition in the 1100–1300 �C range. The amount of glass was

strongly increased by the boron oxide incorporation, confirming its fluxing capacity. X-ray diffraction, supplemented by

Rietveld–Le Bail refinement, verified the presence and thermal evolution of crystalline and glassy phases. The observed

microstructure was similar to other clay-based ceramics, with quartz, cristobalite and mullite grains imbibed in the silica-

based glassy phase. The observed mullite phase was actually a boron mullite solid solution. Boric acid was confirmed as an

adequate boron oxide source. The present study gives information for further clay-based materials design with boron oxide

as fluxing agent. The dry route hypothesis was confirmed. Both formulation and firing programs can be optimized. High

boron addition (5 mass%) is not recommended due to the observed partial rehydration.
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Introduction

In kaolinitic clays, the principal crystalline phase is

kaolinite (K: Al2O3�2SiO2�2H2O), and it is usually present

with other phases like quartz, feldspars and titania [1–3].

The kaolinite thermal transformations are affected by

heating treatments (rate, dwell and atmosphere) and pres-

ence of impurities as well as additives and particle size [4].

Kaolinitic clays are utilized in a large variety of indus-

trial applications such as ceramics, refractories, cement,

filling agent in paper, plastics, rubber and cosmetics in

order to reach the desired properties. Thermal treatments

are involved in the majority of these applications [5–10].

Ceramic industry might be one of the most important in

terms of volume.

Energy consumption is one of the most important factors

in ceramic production as far as cost is concerned. This fact

becomes critical when the material needs to be sintered at

high temperatures (higher than 1200 �C). Any contribution

in the way of reducing energy requirement is of importance

[11, 12].

At present, the existing environmental and economic

conditioning factors, the need for better use of natural

resources and to reuse the wastes generated in the own

manufacturing processes, among other factors, are driving

the search for alternative products and processes that allow

both efficiency and sustainability criteria nowadays

demanded by society. This search implies the reformula-

tion of current compositions by the incorporation of new

raw materials or additives. Similarly, rising deflocculant

costs may be offset by the design of compositions

with lower clay material contents and small quantities of

binder [13].
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Boron compounds have been proposed as complemen-

tary raw materials in several ceramic manufactures

[14–16], with a high fluxing behavior, which might low the

firing programs in ceramics manufacture, with consequent

energy savings [17–19]. Boron minerals like borax (Na2[-

B4O5(OH)4].8H2O), colemanite (Ca2B6O11.5H2O), ulexite

(NaCaB5O9�8H2O), hidroboracite (CaMg[B3O4(OH)3]2.3-

H2O) and boric acid (H3BO3) are usually employed as raw

materials for frits glaze manufacturing [20]. During frit

processing, no solubility problem arises. On the other side,

during wet milling (and mixing) the solubility is indeed a

problem. Remarkably, one of the mentioned energy con-

sumption optimization strategies is dry grinding and

granulation [11]. In this, the powders used for the manu-

facture of tiles by dry pressing need to have good flow

properties and a well-mixed, uniform composition which is

usually achieved by spray drying of the ceramic slip, where

the powders form large spherical agglomerates. Instead of

spray drying, agglomerates can be formed by dry grinding

and granulation. First the raw materials are almost com-

pletely dried by a hot air stream and then are dry ground. In

order to achieve granulation, the dry ground powder is

mixed with a very fine spray of water to provide moisture

content of up to roughly 10%. Then, the material is

agglomerated with the aid of the rotational movement of

the granulator. In this way, energy savings result from the

reduction in the amount of water to be evaporated in the

subsequent drying process. Assuming that the raw material

has a 6% moisture content, dry grinding and granulation

result in a specific energy consumption roughly 2.5 times

less than that for wet grinding and spray drying (0.7 vs.

1.8 GJ t-1) [11, 21, 22].

Recent studies, which have also sought to reduce man-

ufacturing costs, have attempted to shorten the porcelain

tile firing cycle by introducing highly fluxing additives [23]

or wastes [19, 24, 25]. Boric acid falls within this strategy

as well. No systematic boron oxide-clay thermal studies

have been reported, and in this article, we fulfill this gap.

The objective of the present article is to study the effect

of the boron oxide in the thermochemical processes and

ceramic behavior of one industrial kaolinitic clay.

In this work, we describe the effect of boric acid addi-

tion to the thermal behavior of an industrial kaolinitic clay

and evaluate the changes in the technological properties of

the resulting ceramics, using differential thermal analysis

(DTA), thermogravimetric analysis (TG), dilatometric

analysis (TMA) and conventional X-ray powder diffraction

(XRD) with Rietveld refinement.

This will enlighten the processing strategy of boric acid-

based ceramic applicable in a dry processing route.

Experimental

Raw materials

An industrial kaolinitic ball clay from Santa Cruz (Tincar

S, PG La Toma Argentina) [26], Argentina, and commer-

cial boric acid (Borax Argentina SA, Argentina) with

99.8% of H3BO3 (56.2% B2O3), CAS No.: 10043-35-3,

were used as raw materials. Boric acid was dry-milled in a

disk and ring mill (Herzog HS-100). The chemical and

mineralogical composition is shown in Table 1.

The alumina content and the low alkali content (below

2.5%) confirm the refractoriness of the clay. The miner-

alogical composition (XRD-Rietveld) confirms the kaoli-

nitic denomination of the studied clay [2]. This phase is

accompanied principally by quartz.

Preparation of starting mixtures

Three compositions with 1, 3 and 5 mass% of elemental

boron (B) were studied starting from boric acid. They were

labeled T-Ac1, T-Ac3 and T-Ac5, respectively; samples

without acid addition were labeled T. Dry milling was

employed for avoiding solubility problems of the boric

acid. A planetary ball mill was employed (Fritsch Pul-

verisette premium line 7). Zirconia jars (85 mL) and mil-

ling elements (10 mm diameter) were employed. Both the

pure industrial clay and the mixtures were subjected to

equivalent mixing-milling pretreatments. Afterward, disk

shape samples were uniaxially pressed (15 mm diameter

and & 3 mm height) up to 100 MPa. These were sintered

in electric furnace, with air atmosphere, with 5 �C min-1

Table 1 Chemical and mineralogical composition in mass basis of the

Tincar clay (XRF)

Tincar Kaolinitic clay/mass%

Chemical composition

LOI 7.63

SiO2 61.82

Al2O3 27.55

Fe2O3 0.79

MgO 0.66

K2O 0.76

Na2O –

TiO2 0.39

CaO 0.28

Mineralogical composition

Kaolinite 59.0

Quartz 41.0
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heating rate and 60 min soaking, with maximum temper-

atures between 1100 and 1400 �C.

Sample characterizations

The thermal behavior of the mixtures was studied applying

thermogravimetric (TG) and differential thermal analyses

(DTA) and dilatometry (TMA) which were performed up

to 1400 �C. Both thermal analyses were carried out

simultaneously at a 5 �C min-1 heating rate in air atmo-

sphere (TG–DTA and TMA Rigaku Evo plus II, Japan).

The TG–DTA analysis of the boric acid and the clay was

also performed to understand the chemical behavior of this

starting powder.

After this analysis, samples were fired at the same

heating rate (5 �C min-1) with different maximum tem-

peratures in the range of 1100–1400 �C and 30 min soak-

ing in air atmosphere.

The crystalline phases of sintered samples were deter-

mined by X-ray diffraction (XRD) using CuKa radiation

operating at 40 kV and 30 mA (Philips PW1710). The

XRD patterns were analyzed with the program FullProf

(version 4.90, July 2010), which is a multipurpose profile-

fitting program [27, 28], including Rietveld–Le Bail

refinement to perform phase quantification [29, 30].

Once the sintering program was optimized, the linear

shrinkage was measured; the green and sintered volumetric

density was calculated from the volume: mass ratio.

Archimedes immersion method was also carried out in the

range 1100–1400 �C.

Finally in order to describe the developed microstruc-

tures, a microstructural analysis was performed by a

scanning electron microscope (SEM) (JEOL, JCM-6000).

Results and discussion

Thermal behavior of the raw materials: clay
and boric acid

Figure 1 shows TG and DTG, DTA and the TMA. Gen-

erally, these present an expected typical behavior of kao-

linitic clay. In the TG-DTG analysis of the clay, the typical

two mass losses can be observed in the 0–1400 �C range:

The first one (& 1%), below 150 �C, corresponds to the

surface water loss. The second one (& 7%) mass loss

corresponds to the kaolinite decomposition (dehydroxyla-

tion) into metakaolinite (MK: Al2Si2O5) (also a water

loss) [31]. This analysis permits to identify the transfor-

mation temperature. No other mass loss (or gain) process

occurs in this temperature range. In the DTA curve, both

endothermic and exothermic processes can be detected.

The mass loss is in accordance with the mineralogical

composition evaluated by XRD-Rietveld. Besides the

named processes, the kaolinite–quartz system presents the

allotropic quartz transformation (a ? b) that occurs at

573 �C [2].

The surface water loss presents an endothermic process,

centered at 150 �C. A broad endothermic band centered at

538 �C, due to clay dehydroxylation reaction that is over-

lapped with a ? b quartz transformation with less energy

involved, is the most important peak of the DTA analysis.

The observed temperatures correspond to the TG ones and

the previously reported ones [3, 4]. An exothermic peak is

observed centered at 986 �C; this corresponds to the

metakaolinite transformation into a spinel-type alumi-

nosilicate (SAS) [32] (Table 2). At higher temperatures, a

small and wide exothermic peak was measured in the

1200–1300 �C range, and this corresponds to the mullite

formation [33]. Again, the detected temperatures corre-

spond to the ones observed for similar materials [27–29]. In

fact, this wide peak consists in a couple of overlapped

peaks centered at 1230 �C and 1250 �C that may corre-

spond to both mullitization pathways (solid-state transfor-

mations and crystallization) [34, 35].

The thermal behavior of the boric acid presents a set of

consecutive reactions that involve mass (water) losses.
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Fig. 1 Thermal behavior of the Tincar clay (TG, DTG, DTA, TMA

and DTMA)
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These were correctly evaluated by the combination of the

thermogravimetric analysis and the differential thermal

analysis (Fig. 2). Values are similar to the ones observed

previously [36]. Different metaborates have been proposed

as intermediates. Above 200 �C, only boron oxide results

from the thermal decomposition. This fact confirms that the

acid is an adequate oxide source. Below 200 �C, the clay

minerals do not present important thermochemical changes

other than surface water loss [1].

Thermal behavior of the clay acid mixtures

A multitechnique approach was carried out for under-

standing the effect of the boron oxide in the thermo-

chemical processes of the kaolinitic clay, with an employed

heating rate of 5 �C min-1 for every case. From each

analysis, several thermal parameters were defined and

associated with the corresponding thermochemical pro-

cesses: mass losses associated with water or hydroxyl

formations, allotropic transformation, crystallizations, etc.

Both intensity and temperature were systematically

Table 2 Thermal parameters of the Tincar clay (T) and clay–boric acid mixtures

Process Temperature/�C Mass loss/%

T T-Ac1 T-Ac3 T-Ac5

(a) Surface water loss 40–100 0.9 1.07 1.81 1.74

(b) Boric acid decompostion –

(i) H3BO3 ! HBO2 þ H2O 90–170 1.77 2.77 3.37

(ii) 4HBO2 ! H2B4O7 þ H2O 1.18 1.98 5.54

(iii) H2B4O7 ! 2B2O3 þ H2O 0.35 3.17 3.95

(c) Quartz allotropic transformation (a ? b) 573 – – – –

(d) Kaolinite dehydroxylation

Al2O3 � 2SiO2 � 2H2O ðKÞ ! Al2O3 � 2SiO2ðMKÞ þ 2H2O 450–570 6.46 6.00 5.63 4.75

(e) Spinel and premullite formation – – – –

Al2O3 � 2SiO2 MKð Þ ! espinel Al � Si SASð Þ
Al2O3 � 2SiO2 MKð Þ ! 3Al2O3 � 2SiO2 Mið Þ

980

(f) Secondary mullite formation (Mii)

spinel Al � Si SASð Þ þ SiO2 Vð Þ ! 3Al2O3 � 2SiO2 Miið Þ þ SiO2 Vð Þ 1200 – – – –

(g) Boron evaporation

B2O3 lð Þ ! B2O3 gð Þ 1250–1400 – 1.66 2.54 3.55
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compared; table forms were also included for better visu-

alization (Table 2). The local maximum or minimum was

employed for temperature assignation.

Thermogravimetric and differential thermal analysis (TG–
DTA) of the Tincar clay and clay–boric acid mixtures

Figure 3 shows the thermogravimetric curves of the studied

mixtures (TG and DTG), Fig. 4 shows the differential

thermal analysis curves (DTA), and the pure clay is shown

as well.

The thermal parameters are presented in Table 2. The

surface water loss (a) is observed in all the mixtures, as

well as in the non-added sample (endothermic peak), val-

ues are similar, and the slight difference might be

explained by differences in the drying process.

The multistep boric acid decomposition into boron oxide

was observed in the mixtures (processes b), in the

90–170 �C range as seen before by other authors [36].

The mass loss is proportional to the added acid, the DTA

peaks intensity as well. It could be concluded that the

decomposition was not influenced by the clay. This shows

that the acid is a proper boron oxide source.

The kaolinite (K) dehydroxylation into metakaolinite

(MK) can be observed in both TG and DTA [3]. This

process (d) occurred in the 450–570 �C range for the pure

clay and the mixtures. The mass loss change observed is

due to the lower clay proportion in the mixtures. From this,

it could be inferred that the boron oxides do not affect the

kaolinite dehydroxylation.

The quartz transformation (process c) was not observed

in the DTA curves, even though the high quartz content (&
40%). The associated heat is lower than the heats involved

in the other processes.

An exothermic peak is observed centered at 970 �C in

the pure clay; this corresponds to the metakaolinite trans-

formation into a spinel type (processes e). This is difficult

to observe in the clay acid mixtures, as the DTA signal

apparently flattens. Evidently, the presence of the boron

oxide, melted at this temperature [14, 36], affects the

premullite and/or spinel formation [3].

The mullite formation (process f) can be observed as a

small shoulder in the pure clay (labeled at 1200 �C).

Finally, slight progressive mass loss is observed only in

the mixtures above 1200 �C; this can be explained as a
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partial evaporation of boron oxides, which was previously

observed in alumina boron system [37–39].

Dilatometric analysis (TMA)

The macroscopic thermal behavior of the clay and clay

mixtures was recently fully described by Zanelli [40, 41].

The present studied materials revealed a similar behavior

(Fig. 5). In this, the first thermal expansion (positive slope

in the TMA) range can be observed, from room tempera-

ture to 500 �C; this corresponds to the thermal expansion

of the clay mineral. At 573 �C, the quartz transformation

can be observed (a clear peak in the DTMA curves). This is

not affected by the boron oxide incorporation.

After this temperature, a flat zone is observable which

finishes with a minor inflection stage at & 980 �C, where

an abrupt 1% sigmoidal shrinkage can be observed in the

TMA curve and a clear peak in the DTMA curve. These

processes can be associated with the DTA spinel formation

peak (Fig. 4). After the spinel formation, a slight shrinkage

stage can be observed that finishes at 1080 �C; the 980�
shrinkage, clearly observed in the pure clay, is slightly

observed in the Ac-1 and not observed in the Ac-3 and Ac-

5 samples. This peak (DTMA) corresponds to the SAS

formation [32]; this flattens and moves into lower tem-

peratures (down to 714 �C). The liquid boron oxide formed

at lower temperatures (Fig. 5) strongly affects the trans-

formation from metakaolinite to SAS. This thermal process

consists in the formation of amorphous silica phase and the

nanocrystalline spinel phase. The SiO2–B2O3 binary sys-

tem presents low eutectic point slightly above 500 �C [42].

Hence, the eutectic formation enhances the MK into SAS

transformation. This is verified by the temperature decrease

in the corresponding DTMA peak, as shown in Fig. 5.

After this processes, the viscous sintering process

occurs. This shrinkage consists in a three-step process for

the pure clay (T). Three peaks can be devised in the DTMA

curve, with easily definable peaks at 947 and 1173 �C and

as a shoulder at 1230 �C. This corresponds to the glassy

viscous silica-based phase formed by the produced silica

originated in the clay decomposition, the SAS formation

and the feldspar decomposition accompanied the sintering

processes. The mullite formation is observed at higher

temperatures (above 1200 �C). The incorporation of boron

oxide evidently affects these processes; in fact, the previ-

ously formed SiO2–B2O3 glassy phase affects these pro-

cesses. This low-viscosity phase enhances the sintering

processes, and the alkali and earth alkali oxides dissolve

into ternary and quaternary glass, which is responsible of

the sintering. In this case, the amount of alkali is only

provided by the studied industrial clay. This phenomenon

would also occur if feldspars or other alkali source are

added to the material formulation. During sintering, pores

are collapsed, mullite phase is formed, and quartz is par-

tially dissolved by the active multiphase silica-based glass

[40] or irreversibly transformed into cristobalite [9]; the

XRD analysis is shown below.

The final sinterization temperature, assumed as the local

minimum in the TMA curve, follows the T-Ac5\T-

Ac3\T-Ac1 sequence. The pure fire clay sample does not

reach the local minimum in the studied temperature range;

the optimum (or maximum) sinterization would only be

achieved at higher temperatures. This fact also suggests the

fluxing role of the studied additive (boric acid). The

completed shrinkage is almost constant for the three sam-

ples (& 6%). Above this temperature, an over-firing is

observed for the three samples. This macroscopic

enlargement is accompanied by the formation of gas bub-

bles, insoluble at this temperature [2, 40].

Sintering parameters: open porosity
(P) and apparent density (D)

Sintering advance is usually followed by Archimedes

immersion test. Both open porosity (P) and apparent den-

sity (D) are determined from these tests. Porosity is

strongly related to the mechanical behavior and thermal
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insulating properties of ceramics [43–46], which are related

to the actual technological applications.

The solely clay-based material porosity decreased from

24 to 14% between 1100 and 1300 �C sintering programs,

and a fully densification of these fire clays is only achieved

at higher temperatures, but falls out of the present study.

This could be achieved by the incorporation of other sec-

ondary raw materials, like feldspars or other fluxing agents

with the obvious consequence in the complexity of the

chemical and thermochemical processes. In order to

describe these processes, a binary mixture was chosen.

The obtained ceramics from binary mixtures present a

clear tendency. In every case, the boric acid addition

resulted in lower porosities, in the 1100–1300 �C range

with additions up to 3 mass% This can be clearly observed

in Fig. 6, where the open porosity (P) is plotted as a

function of the boric acid proportion for the three tem-

peratures studied. Boric acid can be understood as a fluxing

agent. Higher additions did not lead to lower porosities. In

fact, Ac-5 presented higher porosities compared to samples

with a lower addition of boric acid, when fired at 1300 �C.

This is an evidence of de-sinterization and a partial boron

oxide volatilization (gas bubbles formation), expected at

these temperatures. This was also observed in lower pro-

portion at 1200 �C.

The achieved apparent density is within the expected

values (Fig. 7) [2]. The pure mineral-based materials

(T) fall between 1.95 and 2.08 g cm-3. As expected,

higher densities are obtained after higher-temperature

programs. A slight increase in the density is observed with

1% additions in the three studied programs. On the other

side, higher additions resulted in an important decrease in

the density (& 1.8 and & 1.6 g cm-3 for t-Ac3 and T-Ac5

materials), and no important effect of the final temperature

was observed, showing that the porosity effects observed in

Fig. 6 are only textural changes and not mineralogical

changes. The actual crystalline and glassy phase identifi-

cation and quantification are shown in the following sec-

tion (Fig. 8).

Crystalline and non-crystalline phase proportions
of the developed ceramics fired at 1200
and 1300 �C by the Rietveld method and the Le
Bail method

The diffraction patterns show the presence of both crys-

talline and non-crystalline glassy phases (Fig. 8) [40]. The

identified crystalline phases and employed crystallographic

cards are shown in Table 3.

The typical silica-based amorphous band can be easily

observed in the boron-containing samples. The crystalline

phases identified and quantified for the six samples were

mullite (3Al2O3�2SiO2), cristobalite (SiO2) and quartz

(SiO2).

The shape of the cristobalite peaks could not be satis-

factorily fitted by a single contribution. Two different

cristobalite structures were proposed for the Rietveld

refinement. This was previously proposed for similar

materials [47–49]. Refined cell parameters for both

cristobalites are shown in Table 4. This might be explained

by the coexistence of two dissimilar phases, with different

presence of impurities: one produced from the kaolinite

thermal decomposition and the other from the thermal

transformation of the initial quartz present in the clay

mineral, the second one presenting lower impurities

content.

It is well known that the vast majority of the AI2O3–

SiO2–Re2O3 systems (Re: metal) are characterized by their

glass-forming abilities [1, 50–52], and the boron element is

30

25

20

15

O
pe

n 
po

ro
si

ty
/%

10

5

0
0 1 2 3 4 5

Elemental boron content/mass%

1100 °C
1200 °C
1300 °C

Fig. 6 Open porosity (P) as a function of the boric acid proportion for

the different firing programs (1100, 1200, 1300 �C)

2.1

2.0

1.9

1.8

D
en

si
ty

/g
 c

m
–3

1.7

1.6

Elemental boron content/mass%

0 1 2 3 4 5

1100 °C
1200 °C
1300 °C

Fig. 7 Apparent density as a function of boric acid proportion for the

different firing programs (1100, 1200, 1300 �C)

Boric acid (H3BO3) as flux agent of clay-based ceramics, B2O3 effect in clay thermal behavior… 1723

123



actually a metalloid; in this case, the behavior is similar to

metals. Boron is a glass former element [15]. It is worth to

remember that the binary SiO2–B2O3 phase system pre-

sents an eutectic temperature of approximately 500 �C.

The ternary system Al2O3–SiO2–B2O3 was systemati-

cally studied by [53]. Several crystalline phases were

identified and characterized. Boron mullite (formula) and

related phases were identified and previously studied by

Zhang et al. [54]. Hence, the mullite identified phase is

actually a B-mullite phase [15].

The results of the Rietveld refinement and PDF cards for

each phase are shown and compared in Table 3.

The lattice parameters of quartz show no difference

within the studied samples. As mentioned, two lattice

parameters were employed for the cristobalite refinement.

Boric acid lattice parameters do not present important

differences as well. A clear tendency was observed in the

mullite lattice parameters. All three (a—mullite 3Al2O3-

2SiO2, b—cristobalite SiO2, c—quartz SiO2) lattice

parameters decrease with the addition of boric acid in the

initial formulation. Luhrs et al. [15] and Zhang [54]

systematically studied the boron mullite crystallographic

features of B-mullite synthetized by a gel route. They

found that the lattice parameter c strongly depends on the

initial boron content of the precursor and proposed to use

this parameter as a relative measure for the amount of

boron in mullite up to 10%.

In Fig. 9, the lattice parameter c is plotted as a function of

the boron % molar content of the studied samples. In the same

plot, the c mullite lattice parameters of Luhrs and Zhang

studies are plotted as well. In those studies, all the added B2O3

is incorporated to the mullite samples in a stoichiometric way.

In the present clay-based materials, a fraction of the

introduced B2O3 is part of the silica-based glassy phase and

the other fraction is incorporated to the mullite phase.

Additionally, the presence of quartz and cristobalite

should be taken into account. After analyzing the lattice

parameters of these phases, no boron solid solution can be

presumed.

These facts explain the observed differences.

From the Rietveld refinement including glassy phase

with the Le Bail approach, a phase quantification of the

eight studied samples was performed.

Figure 10 presents the phase composition evaluated by

the Rietved method. Global estimated standard deviations

were below 2 mass%. In all cases, they were derived from

the estimated standard deviation on individual scale fac-

tors, for the respective phases.

The goodness of the Rietveld refinement is usually

represented by the Rwp parameter [ref]. The Rwp values

are adequate (Rwp B 15 in all the cases) and similar to the

ones achieved in similar materials [1, 50, 51, 55, 56]. No

boron-containing crystalline phases were detected.
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Fig. 8 XRD patterns of the

Tincar clay (T) and clay–boric

acid mixtures (T-Ac1; T-Ac3;

T-Ac5) treated at 1200 and

1300 �C (a and b, respectively)

Table 3 Identified crystalline phases, chemical formula and

employed PDF card

Crystalline phase Formula PDF card or method

Quartz SiO2 01-079-1910

Mullite 3Al2O3�2SiO2 01-079-1275

Cristobalite SiO2 01-082-0512

Boric acid H3BO3 00-006-0297

Glassy phase Silica (SiO2) based Le Bail method [29, 47]
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The presence of boric acid in high T-Ac5 sample evi-

dences a partial rehydration of the boron oxide in the glassy

phase. Hence, the amount of boric acid is restricted below

this proportion.

The difference of mullite, quartz, cristobalite and glassy

phase change with the explored variables (temperature and

additive content) can easily be observed in the bar

chart (Fig. 10).

The mullite (and boron mullite) content is around 24 and

27%, for samples fired at 1200 and 1300 �C, respectively.

On the other side, the boric acid addition decreases the

amount of mullite phase and simultaneously increases the

amount of glassy phase. A 70% of glassy phase is

achieved. The resultant amount of silica-based phases

(quartz and cristobalite) decreases with the addition of

boric acid.

Table 4 Cell parameters of the

different phases in the materials
a Err b Err c Err

Quartz PDF card: 01-079-1910

T-1200 4.91957 0.00039 4.91957 0.00039 5.40639 0.00011

T-1300 4.91059 0.00077 4.91059 0.00077 5.40160 0.00026

T-Ac1 1200 4.92002 0.00056 4.92002 0.00056 5.40779 0.00016

T-Ac1 1300 4.91185 0.00092 4.91185 0.00092 5.40378 0.00031

T-Ac3 1200 4.92950 0.00161 4.92950 0.00161 5.41662 0.00046

T-Ac3 1300 4.92438 0.00274 4.92438 0.00274 5.41634 0.00154

T-Ac5 1200 4.92169 0.00084 4.92169 0.00084 5.42165 0.00029

T-Ac5 1300 4.91927 0.00180 4.91927 0.00180 5.43009 0.00068

Mullite PDF card: 01-079-1275

T-1200 7.55366 0.00204 7.69860 0.00022 2.88688 0.00005

T-1300 7.54595 0.00158 7.69305 0.00017 2.88315 0.00005

T-Ac1 1200 7.54583 0.00291 7.68126 0.00031 2.86722 0.00008

T-Ac1 1300 7.53894 0.00202 7.68724 0.00022 2.87025 0.00007

T-Ac3 1200 7.52306 0.00469 7.66307 0.00043 2.84038 0.00012

T-Ac3 1300 7.53486 0.00347 7.67943 0.00397 2.85371 0.00098

T-Ac5 1200 7.51011 0.00457 7.65758 0.00439 2.82515 0.00075

T-Ac5 1300 7.51853 0.00205 7.65641 0.00328 2.82657 0.00023

Cristobalite 1

T-1200 – – – – – –

T-1300 4.99813 0.00141 4.99813 0.00141 6.98815 0.00084

T-Ac1 1200

T-Ac1 1300 5.01074 0.00288 5.01074 0.00288 7.00947 0.00202

T-Ac3 1200 – – – – – –

T-Ac3 1300 5.01949 0.00000 5.01949 0.00000 6.94666 0.00533

T-Ac5 1200 – – – – – –

T-Ac5 1300 5.02246 0.00625 5.02246 0.00625 6.95882 0.00479

Cristobalite 2 PDF card: 01-082-0512

T-1200 – – – – – –

T-1300 4.97139 0.00093 4.97139 0.00093 6.92366 0.00056

T-Ac1 1200 – – – – – –

T-Ac1 1300 4.97220 0.00154 4.97220 0.00154 6.94113 0.00091

T-Ac3 1200 – – – – – –

T-Ac3 1300 4.99700 0.00000 4.99700 0.00000 7.07000 0.00000

T-Ac5 1200 – – – – – –

T-Ac5 1300

Boric acid PDF card: 00-006-0297

T-Ac5 1200 7.04466 0.00994 7.06406 0.01069 6.58303 0.00296

T-Ac5 1300 7.03787 0.00447 7.05139 0.00498 6.58733 0.00154

The values were obtained by Rietveld refinement of the DRX patterns
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Microstructure analysis of ceramics fired
at 1300 �C by scanning electron microscope

The developed microstructures, after firing the clay and

clay–boric acid mixtures at 1300 �C, were evaluated by

means of scanning electron microscopy; the relatively

dense and complex microstructure of the ceramics is

revealed (Fig. 11). In images with lower magnification

(9 100 images: a, d, g and J), pores (in black) can be

identified in the matrix (different shades of gray). Chemical

etching was carried out in the 9 1000 and 9 2000

micrographs (a, b, c, e, f, h, i, k and l), and this permits to

observe the crystalline grains.

Compared to the pure clay-based material (T), the

observed macroporosity decreases with the 1 mass%

H3BO3 addition. Higher incorporations result in an increase

in the observed pore amount, and this was also observed in

the immersion test (Fig. 6).

The matrix can be described as a complex microstruc-

ture of crystalline grains (several microns) embedded in the

glassy (amorphous–viscous) continuous phase. Grains

correspond to the crystalline phases detected by XRD:

mullite, quartz and cristobalite. The glassy phase, pre-

dominantly silica based, was also observed. Poris corre-

lated with the boron addition and follows the T–T\T-

Ac1\T-Ac3 & T-Ac 5 sequence, as evaluated by the

Archimedes method (Fig. 6). Rounded macro-pores

(& 100 lm) are complemented by a micro (meso)-poros-

ity only observed in greater magnifications. The observed

microstructures are equivalent to those extensively repor-

ted in the literature [3, 8, 48, 57].

The performed chemical etching permits to easily

observe the grain morphology of the crystalline phases.

The so-called primary mullite presents slightly elongated

rounded morphology, and the secondary mullite presents

needles [58, 59]. It is well known that the mullite phase

governs the mechanical properties of the clay-based cera-

mic materials, usually known as the ‘‘mullite hypothesis.’’

This fact is related to the mullite needle morphology and

the compressive stress that its grains undergo during the

cooling thermal processing cycles [1, 9, 59, 60]. The

amount of secondary mullite differs considerably between

the studied samples, the pure clay presents only primary

mullite, and the boron-containing samples present impor-

tant amount of secondary mullite.

This is evidence of a change in the mullite formation

mechanism. This corresponds with the thermal analysis

performed (Figs. 4, 5), where, for the binary mixtures, the

boron presence resulted in the disappearance of the SAS-

primary mullite exothermic peak (& 980 �C). This might

present consequences in the mechanical behavior of clay-

based materials if processed with boric acid as fluxing

agent.

It is also worth to point out the observed decrease in the

mullite amount, and this is probably restricted to the

amount of available aluminum oxide, which decreased by

two reasons: firstly, a dilution effect due the incorporation

of boric acid in the initial formulation, and secondly, due to

the alumina presence in the glassy phase.

After this, the boric acid role could be summarized as a

glassy phase promoter and glass-forming material; from

this glass, the secondary mullite crystallizes with needle

morphologies with a potential reinforcement behavior.

This is concordant with the thermal tests carried out.

The mentioned primary mullite formation suppression

(Fig. 4) and the optimum sintering were observed in the

dilatometric tests, which were not observed in the pure clay

test up to 1400 �C and observed in the binary mixtures

(Fig. 5). This is also in accordance with previous works
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where boron-containing materials were incorporated

[24, 61].

Conclusions

The boric acid does not interfere in the dehydration tem-

perature of the kaolinitic clay for both the surface and

structural water losses. On the contrary, the spinel and

mullite formation temperatures (980 �C and

1100–1250 �C, respectively) were modified. The thermal

signals become wider and occur at lower temperatures,

when boric acid proportion increases, evidencing a mech-

anism change for both processes.

The amount of glass was strongly increased by the

boron incorporation. X-ray diffraction, supplemented by

Rietveld refinement, verified the presence and thermal

evolution of crystalline and glassy phases. Identified

mullite phases consisted in mullite and boron mullite

solid solutions. The amount of mullite was slightly

decreased by a dilution effect of the boric acid in the

formulation. Some boric acid was observed evidencing a

rehydration of higher added samples. The mullite cell

parameters allowed to observe the amount of boron

incorporation in the mullite phase. The c lattice parameter

decreased with the initial boric acid content from 2.85 to

2.82 Å. This was not influenced by the firing temperature,

inferring that the solid solution is formed at lower

temperatures.

Dense materials were satisfactorily processed through a

dry scalable process. The open porosity was slightly high.

This can be optimized by the addition of other fluxing

agents like feldspars or earthen alkali sources.

The present study gives information for further clay-

based materials design with boron oxide as fluxing agent.

The dry route hypothesis was confirmed. Both formulation

and firing programs can be optimized. High boron addition

(5 mass%) is not recommended due to the observed partial

rehydration.
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60. Romero M, Pérez JM. Relation between the microstructure and

technological properties of porcelain stoneware. A review. Mater

Constr. 2015;65:e065.

61. Bayca SU. Effects of the addition of ulexite to the sintering

behavior of a ceramic body. J Ceram Process Res.

2009;10:162–6.

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

Boric acid (H3BO3) as flux agent of clay-based ceramics, B2O3 effect in clay thermal behavior… 1729

123


	Boric acid (H3BO3) as flux agent of clay-based ceramics, B2O3 effect in clay thermal behavior and resultant ceramics properties
	Abstract
	Introduction
	Experimental
	Raw materials
	Preparation of starting mixtures
	Sample characterizations

	Results and discussion
	Thermal behavior of the raw materials: clay and boric acid
	Thermal behavior of the clay acid mixtures
	Thermogravimetric and differential thermal analysis (TG--DTA) of the Tincar clay and clay--boric acid mixtures

	Dilatometric analysis (TMA)
	Sintering parameters: open porosity (P) and apparent density (D)
	Crystalline and non-crystalline phase proportions of the developed ceramics fired at 1200 and 1300 degC by the Rietveld method and the Le Bail method
	Microstructure analysis of ceramics fired at 1300 degC by scanning electron microscope

	Conclusions
	Acknowledgements
	References




