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Phase diagram of alumina sol has been investigated, wherein a

unique region of shear reversible gels has been discovered. In

this region, rapid transformation from gel to sol was observed,

where the viscosity shows a sudden drop by six orders of mag-
nitude on application of shear stress. The sol to gel transforma-

tion was observed to depend on the composition of the sol and

could be tuned in the range of few seconds to hours. These gels

are suitable for fabricating complex three-dimensional struc-
tures using advanced technology of direct write and ink-jet

printing.

I. Introduction

GELS are the physical entities where liquid phase is
entrapped in the cross-links formed by the solid struc-

tures and they don’t flow in their steady state. Depending
upon the nature of bonds present, they are classified as
reversible and irreversible gels. Out of them, reversible gels
are those which change their phase with change in the stimu-
lus like pH, temperature, pressure, electric field, ionic
strength, etc. and are also called as stimuli sensitive or smart
gels. Nowadays the stimuli-sensitive gels are in demand as an
ink material for “Direct Ink Writing (DIW)” which is a
novel fabrication method for three-Dimensional structures,1–5

further these structures can act as scaffold in tissue engineer-
ing6,7 and as a circuit for electronics and optoelectronics
applications.8 The basic requirement of direct write ink is
rapid gelling of gels as soon as it emerges out of the nozzle.
The extruded fluid can take the desired shape either through
liquid evaporation, temperature-induced phase change or
using a coagulation medium.9–13 Various kind of ink materi-
als have been developed which fulfill the rapid gelling
requirement. Few examples are dispersed colloidal fluid,
highly shear thinning colloidal suspensions, or colloid filled
organic inks.9 With smart ink materials, the pH, tempera-
ture,14 or UV light15 of the extruded ink can be used to trig-
ger the solidification or gellification. Some researchers have
created ink material by changing the phase of the fluid
through pH change, solvent change or surface charge modifi-
cation which leads to phase transformation,13,16,17 further
these gels show shear thinning behavior which helps in its
extrusion through the nozzle. As the ink near the nozzle wall
experiences more shear thus gets less viscous (helps in extru-
sion) while the core remains in the gel state thus helps in
shape retention.12,13,18 Gels which gets transformed into sol
on shear and further reversibly regains the gel phase has been
explored in the present study.

Gels can be obtained through sol–gel technique as it is
favored for the nanomaterial synthesis because of its known

advantages. Sol–gel system has been explored for various
compounds like silica, titania, zinc oxide, alumina, etc. Focus-
ing on alumina as it is a bio-inert material, earlier studies
have been on the effect of electrolyte and acid concentration
on the gelling volume and gelling time,19,20 the effect of shear
rate on the viscosity,21 and aging on sol rheology, where at
lower acid concentration, sol shows Newtonian behavior,
which with aging transforms to shear thinning behavior.22

However, the shear reversible behavior of alumina gels is
yet to be investigated. In this study, alumina based sol–gel sys-
tem has been synthesized using “Yoldas Process”.23 The effect
of precursor concentration, acid concentration and tempera-
ture on the gelling behavior and the rheology of the gels were
studied. Alumina sol with different rheologies have been syn-
thesized and categorized in a 3-phase diagram. Unique rheo-
logical behavior of alumina gels has been observed.
Exploration of the rheology of these alumina gels will be help-
ful in finding a product for the desired applications.

II. Experimental Methods

(1) Materials
Aluminum isopropoxide (AIP, [(CH3)2CHO]3Al,98% pure)
was procured from Aldrich, New Delhi, India and HNO3

(70% pure) from Merck, New Delhi, India. Grade I pure
water was used for synthesis.

(2) Method
(A) Synthesis of Alumina Nanosol: The alumina nano-

sol was prepared using sol–gel approach by Yoldas
method24,25 as reported in the literature. It involves the addi-
tion of precursor (AIP) in warm water which was kept at
85°C and the solution was stirred at 500 rpm for 10 min fol-
lowed by drop-wise addition of calculated amount of 1:1
mixture of water and HNO3 at the same temperature and
stirring speed and then the sol was stirred for another 5 min.

To see the effect of precursor (AIP) and acid concentra-
tion, different samples were prepared. Initially, the precursor
concentration was varied from 0.41 to 4.66 mol% while
keeping the mole ratio of water and HNO3 constant. Also,
the samples were prepared by varying the water to HNO3

ratio while keeping the AIP concentration constant.
(B) Characterizations: Confocal Micro Raman Spec-

trometer (INVIA, Renishaw, Gloucestershire, UK) with
785 nm solid-state laser was used to investigate the chemical
interaction in the range of 300–2000 cm�1. 27Al NMR was
taken using 400 MHz NMR (ECA-400; Jeol, Tokyo, Japan).
The rheological behavior of alumina sol and gels were stud-
ied using concentric cylinder geometry CC27 in rotational
rheometer, (MCR 302; Anton Paar, Graz, Austria).

III. Results and Discussion

(1) Gelling Behavior of Alumina Sol
Alumina sol are usually prepared by using small concentra-
tion of alumina precursor (<4.7 mol%), such as AIP, with
small amount of acid (<2.7 mol%) for peptization/hydrolysis
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in large amount of water. This region is shown in Fig. 1(a).
The mixture is known to show behavior as a stable sol, a gel
or a precipitate depending upon the composition. This
region, which is shown in Fig. 1(b), was further investigated
to understand the effect of composition on gelling behavior
of alumina sols.

(2) Effect of Precursor and Acid Concentration
A three-phase diagram was prepared by plotting phase
behavior of alumina sol at different compositions. These are
shown as points in Fig. 1(b). The concentration of AIP was
varied in the range from 0.57 to 4.43 mol% (line ab) while
keeping the nitric acid to water mole ratio constant at
163.17. Also, the effect of acid concentration was studied by
varying the mol% of nitric acid from 0.445 to 1.131 while
keeping the mol% of AIP as constant at 1 mol% (line cd).
This was repeated for various mol% of AIP shown as lines
ef, gh, ij, and kl.

Based on the gelling behavior, the phase diagram was split
into various regions as shown in Fig. 2. At very low concen-
trations of AIP (<0.84 mol%) and low concentration of acid
(<1.1 mol%), there is enough water and acid to convert AIP
into stable alumina sol, which does not show any gelation
with time. This region is shown as Region A. With increase
in the acid concentration of more than 1.03 mol% and AIP
of < 2.4 mol%, a viscous liquid is formed, which with time
gets phase separated. This is shown as Region B. However,
when the acid concentration is kept very low marked as
Region C, the mixture is unable to convert to sol and
remains as suspension (i.e., inhomogeneous mixture).

When the concentration of AIP is increased beyond
0.99 mol% with sufficient quantity of acid (>0.45 mol%) to
allow peptization of aluminum hydroxide, the sols are
formed, which have a gelling tendency. This is shown by
Regions D & E.

The mixture in this region forms gel with storage. How-
ever, the gelling time is dependent upon the concentration of
AIP and acid. The gelling time is large about 2 h for compo-
sitions having lower concentration of AIP in this region. As
the concentration of AIP is increased, the gelling time
reduces significantly to few seconds. Also, the translucency
of the mixture is observed to decrease with increase in con-
centration of AIP.

The decrease in gelling time at higher AIP concentration is
likely to be because of the increase in the number of interact-
ing species in a given volume, which allows them to come
close to each other, thus, resulting in rapid formation of link-
ages. The increase in turbidity of the sol may also be due to
the presence of aluminum hydroxide aggregates, which could
not be peptized adequately due to limited amount of acid
available in the composition.

For compositions with variable nitric acid concentration
for a given precursor concentration (shown as lines cd, ef,
gh, ij, etc. for precursor concentrations 1, 1.5, 2.2, 2.8, and
3.7 mol% respectively), the gelling time was found to
decrease with increasing concentration of acid.

It seems that the acid ions help in generating attractive
forces thus lead to short gelling time. For compositions
where both AIP and nitric acid concentrations are high, the
gelling time was the shortest probably because of the com-
bined contribution of both AIP and acid.

For most of the white region, where sol transforms to gel
with time, the gel thus formed is irreversible and stable. This
is marked as plain white Region E. Interestingly, in this
region, another well-defined region was observed, where the
transformed gel was found to be reversible to sol with shear.
This shear reversible region is marked as dark gray Region
D in Fig. 2. This small region which is bound by precursor
concentration of 1–3.7 mol% and acid concentration 0.45–
1.16 mol%, shows a very unique behavior. The compositions
in this region, gel within few seconds to a maximum of 2 h
of storage time on standing and reverses to sol spontaneously
on application of shear (shaking). The sol transforms to gel
again on standing. This is indicated in Fig. 2. This sol–gel
transformation is cyclic in nature and is observed to continue
without any change for large number of cycles.

The gelling time of the reversible gel is a function of both
AIP and nitric acid concentration. As mentioned above, with
higher concentration of AIP and acid, for example, 3.79 mol
% of AIP and 0.79 mol% of acid, the gelling time can be as
small as few seconds. On the other hand, with low AIP and
acid concentrations, for example, 0.99 mol% of AIP and
0.54 mol% of acid, the gelling time can be as large as 2 h.
The strength and the clarity of the gel are also found to be a
function of the composition as explained in later sections.
Five gel samples have been taken from reversible region for
further investigation, the compositions are given in Table I.

(3) Rheological Analysis
Rheological behavior of shear reversible gels was investi-
gated. Figure 3 shows the change in viscosity of the gels
formed at five different compositions (Reversible Gel A1N56,
A1N95, A2N63, A2N71, and A4N59) with application of
shear stress. As may be observed from the figure, the gels
show a viscosity in the range of 104 to 106 Pa�s at low values
of shear stress. On increasing the shear stress beyond a criti-
cal value, a sudden drop in viscosity is observed by about six
orders of magnitude to a value of ~0.1 Pa�s. The value of
critical shear stress changes with the composition of the gel.
For example for gel (Reversible Gel A4N59) with AIP
3.76 mol% and acid concentration of 5.93 mol%, the shear
stress was in the range of 240–251 Pa, while for weak gel

(a) (b)

Fig. 1. Phase diagram for alumina sol (a) Unitary graph (b) Focused data point region.

4032 Journal of the American Ceramic Society—Yadav et al. Vol. 97, No. 12



(Reversible Gel A1N56) with AIP 0.99 mol% and acid
0.56 mol%, the shear stress was in the range of 52–63 Pa.
However, the transformation in viscosity was slightly differ-
ent for both the samples. For other three inbetween composi-
tion samples, it lies in the range created by A1N56 &
A4N59. The viscosity was 106 and 105 at the zero stress for
A4N59 & A1N56, respectively, which slowly decreased on
increasing the shear stress. At the critical shear stress, the vis-
cosity dropped suddenly from 1.32 9 105 Pa�s and
1.2 9 103 Pa�s to 0.0658 and 0.008 Pa�s, respectively, for the
two compositions. The critical shear stress at which the gels
breakdown is an indication of gel strength, which appears to
vary with the composition as can be seen for other composi-
tions in the graph. Reversible Gel A4N59 with higher precur-
sor concentration possibly could form more number of

interactive sites than those present in Reversible Gel A1N56
with lower precursor concentration.

Out of the five samples shown in Fig. 3, Reversible gel
A1N56 was selected for further characterizations. The rheo-
logical response of gels with respect to time is shown in
Fig. 4. Initially the gels were sheared by applying shear stress
higher than their critical shear stress (i.e., by shearing the
sample at high shear rate of 1000 s�1) for 10 s then applying
the shear stress below their critical shear stress (i.e., by shear-
ing the sample at very low shear rates of 10�5 s�1) for
another 2000 s. It was observed that at higher shear rate, the
value of viscosity remained stable at 0.02 Pa�s for the entire
duration of 10 s, however, as soon as the shear rate was
decreased to apply shear stress below the critical value, the
viscosity increased instantaneously to 112 Pa�s and continued
to increase with time to >105 Pa�s, it increased to
1.5 9 105 Pa�s at the end of 2000 s for A1N56. This behav-
ior was found to be cyclic in nature and the values did not
change significantly with number of cycles as shown in
Fig. 4. This rheological behavior demonstrates rapid revers-
ibility of sol–gel transformation with application of stress
and is unique for alumina gels of specific compositions
shown by region D in Fig. 2.

To further investigate the rheological behavior of gels on
application of stress with time, Reversible Gel A1N56 was
subjected to four different levels of stress. Since its critical

Fig. 2. Phase diagram showing regions exhibiting different behavior.

Table I. Selected Compositions of Reversible Gels Along

with Their Codes

Sample code AIP (mol%) HNO3 (mol%) Water (mol%)

Reversible Gel A4N59 3.76 0.59 95.65
Reversible Gel A2N71 2.24 0.71 97.05
Reversible Gel A2N63 2.23 0.63 97.14
Reversible Gel A1N96 1.5 0.96 97.56
Reversible Gel A1N56 0.99 0.56 98.45

Fig. 3. Variation of viscosity as a function of shear stress for
alumina gels (a) Reversible Gel A1N56, (b) Reversible Gel A1N95,
(c) Reversible Gel A2N63, (d) Reversible Gel A2N71, and (e)
Reversible Gel A4N59.

Fig. 4. Cyclic behavior of Reversible Gel A1N56 showing change in
viscosity with time below and above the critical shear stress.
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stress value was in the range from 52 to 63 Pa, two values
below its critical shear stress (i.e., 30 and 50 Pa), one in the
range of critical shear stress (i.e., 55 Pa) and one slightly
above its critical shear stress (i.e., 65 Pa) were selected. Each
level of stress was applied for the duration of 10 s and the
change in shear viscosity was recorded with time as shown in
Fig. 5. It was observed that the value of viscosity, which was
1.4 9 105 Pa�s at nearly zero shear stress dropped by two
order of magnitude on application of shear stress of 30 Pa.
However, the viscosity increased to an order in 10 s. On
increasing the level of shear stress to 50 Pa, again a similar
drop of viscosity was observed, which again tended to
recover with time. This showed that the sample had a ten-
dency to remain in gel form even when disturbed by applica-
tion of shear stress below its critical shear value. When the
shear stress of 55 Pa (which is in the range of the critical
value) was applied, the gel maintains its viscosity and regain
it for a certain period and starts to drop after some time.
Interestingly, when shear stress of 65 Pa (which is greater
than the critical value) was applied, gel broke down, its vis-
cosity dropped spontaneously and continued to decrease with
time. This experiment confirms that these alumina gels are
able to retain their respective structures below and above the
critical shear stress.

The effect of temperature on gelling behavior was also
studied for all the reversible alumina sol compositions. Trend
observed is shown in Fig. 6 for sample Reversible Gel
A1N56. As can be seen from the graph that at lower temper-
ature (10°C), the gelling time was less which increased with
increase in temperature. This behavior resembles with that of
ice–water behavior indicating the presence of physical bond-
ing in the gels. At lower temperature, say at 10°C, the
kinetic energy of the molecules is lower so the molecules are
able to come closer to each other, thus reducing the interpar-
ticle distance, leading to bond formation in lesser time, while
at higher temperature, say 40°C, the interparticle distance
increases because of higher kinetic energy of the molecules
and the gelling time increases. This behavior may be
very useful in practical applications of these gels, where the
gelling time can also be controlled by controlling
the temperature of the mixture in addition to changing the
compositions.

(4) Raman Characterization
To understand the interaction between the particles in the
reversible gels, Raman spectra were taken for both the sol
and gel state of the various compositions. Figure 7 shows the
Raman spectra of Reversible Gel A1N56 for sol and gel
forms.

The spectra of both gel and sol show the presence of
peaks at 360, 451, and 495 cm�1 which correspond to the
formation of coordinated structure of Al and O. Addition-
ally, presence of 1050 cm�1 peak corresponding to stretching
of Al–O–C- indicates the presence of isopropyl alcohol

groups attached to the Al–O complex. This infers that the
AIP is partially hydrolyzed in the given composition which
shows reversible gel state. All the peaks appear at same posi-
tion in both the gel and sol state of the composition, except
for a hump seen in the gel state. This hump in the range of
1350 to 1650 cm�1, indicates presence of intense hydrogen
bonding, which may be responsible for reversible sol–gel
transition with application of either shear or temperature.

(5) NMR Analysis
To investigate the structural differences in gel and sol states,
27Al liquid state NMR was carried out. Spectra were taken
for alumina gel Reversible Gel A1N56 at three different tem-
peratures, i.e., 25°C, 40°C, and 60°C.

Fig. 5. Variation of viscosity as a function of time for Reversible
Gel A1N56 at shear stress levels of 30,50, 55, and 65 Pa.

Fig. 6. Influence of temperature on the gelling time of alumina sol
of Reversible Gel A1N56.

Fig. 7. Raman spectra of alumina sol and gel of Reversible Gel
A1N56.

Fig. 8. 27Al NMR spectra of Reversible Gel A1N56 at different
temperatures.
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Figure 8, shows 27Al NMR of Reversible Gel A1N56 with
external referencing with 1M solution of aluminum nitrate in
deuterated DMSO. The spectra show a single peak indicating
the presence of a single kind of Al structure for all the three
temperatures. The presence of peak in the region of 1–8 ppm
is assigned to octahedrally coordinated Al–OR species. With
change in temperature from 25°C to 60°C, the gel converts
to sol and the corresponding spectra of 27Al NMR, show a
downfield shift from 3.2805 ppm at 25°C to 3.3110 ppm at
40°C to 3.3721 ppm at 60°C. This downward shift may be
because of the decrement in the electron density around the
–Al nuclei indicating dissociation of the gel structure which
might have been held together by hydrogen bonding at lower
temperature. The NMR analysis indicates that the gel forma-
tion in the above compositions is mainly due to the physical
association of the octahedrally coordinated Al structures (as
shown in Fig. 9), which is reversible on application of shear
or temperature.

IV. Direct Write Application

Direct Ink Writing is a free form fabrication technique used
for making different 3-D structures. The ink for DIW should
ideally be a fast coagulating material so that the desired
structure can be made without spreading, however, coagula-
tion requires use of a coagulating medium, which interferes
in the fabrication process. The slow coagulation rate, entrap-
ment of nonsolvent inside the structure, and compatibility of
solvent–nonsolvent system with final application are some of
the major limitations of the known DIW materials.

Shear reversible gels are potential candidates for DIW
applications as these do not require any coagulation medium

and their flow behavior is easily switched between gel to sol
to gel with application/removal of shear stress. Alumina gels
reported in this study, show fast sol–gel transformation
which makes them a suitable candidate for making multilay-
ered structures using DIW technique. However, the low solid
content of the gels can lead to high shrinkage during drying
and sintering process in the designed 3-D structures. It may
be necessary to use additives or carefully controlled process-
ing conditions, as reported in the literature26,27 for modifying
shrinkage behavior during the sintering process. It is impor-
tant that such additives do not alter the interparticle interac-
tions present in alumina gels. In this study, Reversible Gel
A2N71 was chosen, as it gels quite fast which is the prime
requisite for direct writing.

Figure 10 (a) shows a six layered structure of alumina (in
wet state) fabricated using computer-controlled robocaster.
The tip diameter was taken as 210 lm, while the X–Y spac-
ing was kept at 700 lm. The pressure was kept at around
10 psi. At this pressure, the alumina gel Reversible Gel
A2N71 readily converted to sol and extruded through the
nozzle at a rate of 1 mm/s. After extrusion, the sol converted
into gel quickly without causing any significant spreading.
Figure 10(b) shows optical image of wet gel structure at a
magnification of 69. The thickness of the strand was 217
�11.2 lm and the XY spacing to be 798 � 23 lm, which are
close to the set values of extruded diameter and XY spacing.
The experiment confirms that these gels are suitable for cre-
ating complex 3-D structures for various end applications.
The unique gels can also be used as a template for entrap-
ping and storing nanoparticles in their networks so as to pre-
vent agglomeration and also can readily be used for ink-jet
printing applications.

(a) (b)

Fig. 9. Schematic representation of the alumina in (a) sol and (b) gel phase.

(a) (b)

Fig. 10. Optical images of direct write structure fabricated using Reversible Gel A2N71.
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V. Conclusion

In this study, the phase behavior of alumina sol at differ-
ent compositions has been investigated to understand their
gelling behavior. The existence of well-defined regions for
the formation of stable sol, reversible gel, and irreversible
gels have been identified. In a small region, the alumina
sols exhibit reversible gelling behavior. These reversible
gels were observed to possess a definite yield stress depend-
ing upon the extent of interactions in the gel or composi-
tion. These reversible gels show an interesting rheological
behavior.

On application of stress below the yield stress value, the
viscosity of the gels did not drop, however, on increasing the
stress above the yield stress the viscosity of the gels show a
sudden drop in viscosity by six orders of magnitude. Litera-
ture reports nearly two order of magnitude drop in viscosity
with shear rate.17 Upon removal of stress, the viscosity rises
rapidly to form a gel and this behavior remains even after
application of several cycles. The transformation between the
gel and liquid state is possibly due to formation and breaking
of hydrogen bonds between octahedral alumina moieties.
These gels due to their unique rheological behavior can be
used for making multilayer structures using direct write or
ink-jet techniques for various applications.
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