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Abstract 
Due to large volume and high hardness of thermal insulation materials most-
ly used in high temperature fields, a composite cooling powder and its thixo-
tropic hydrogel for thermal protection are presented. The core of composite 
cooling material powder is super absorbent polymer, composing with metal 
salt, polysaccharide hydrosol and inorganic particles and other modifiers 
through a series of composite process, which can be easily stored for a long 
time. When needed, the powder can be mixed with water to obtain a kind of 
thixotropic hydrogel in a very short time. Experimental results show this 
thermal protection technology with thixotropic ability has excellent thermal 
protection performance, meanwhile flexible, adhesive and low cost, which 
exerts instantaneous cooling, efficient thermal protection and long-lasting 
flame-retardant protection. 
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1. Introduction 

Super Absorbent Polymer (SAP) is a new type of functional polymer material. It 
has excellent hydrophilic properties, high swelling ratio and biological capacitive 
[1]. Nowadays it’s widely used in industry [2], agriculture [3], food [4], medical 
and health [5] and other fields.  

SAP has a large number of hydrophilic groups such as carboxyl and hydrox-
yl groups. Because of osmotic pressure and static electricity, it can absorb wa-
ter hundreds or even thousands of times its own weight, which is far superior 
to common absorbent materials such as cotton, sponge, etc. After absorbing 
water, a gel-like product is formed, which is called hydrogel. Hydrogel’s unique 
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three dimensional spatial network structure can firmly bind water [6]. On the 
one hand, water molecules are not easily squeezed out due to mechanical pres-
sure. Therefore, hydrogel has good water retention performance even under 
high temperature conditions. While water has a rather high heat capacity, hy-
drogels also have considerable heat capacity and exhibit excellent thermal pro-
tection and cooling ability. 

After SAP absorbs certain amount of water, hydrogels formed have good 
strength, at the same time thermal protection performance improves as water 
radio rises [7]. However, when excessive water is absorbed, the strength and ad-
hesive property of hydrogels are greatly reduced, and hydrogels are amorphous. 
Therefore, the water-to-powder ratio must be controlled properly. 

Besides, due to simple hydrogel’s amorphous form, low adhesion to three di-
mensional objects, and poor high-temperature structural stability, something 
must be done to make it easy to use for thermal insulation protection. 

In this paper, we proposed a technical solution: A kind of composite heat insu-
lating powder is prepared by a composite process, which contains super absorbent 
polymer with water-soluble metal salts, water-soluble polysaccharide hydrosol, 
water-insoluble inorganic particles and other modifiers. The power can be used 
easily by absorbing water, and the hydrogel formed shows excellent thermal 
protection property. 

2. Experiment  
2.1. Materials (Table 1) 

Table 1. Main components and mass fractions of composite. 

 
Super  

absorbent 
polymer 

Metal salt 
Coagulated 

polysaccharide 

Heat- 
insulation  
particles 

Flame 
retardant 
particles 

Nano 
oxide 

Modifier 

Sample 1 65 6 10 3.5 10 5 0.5 

Sample 2 85 3 2 2 4 2.5 1.5 

Sample 3 74 3 12 6 2 2.5 0.5 

Sample 4 82 4 4 4.5 2 1.5 2 

Sample 5 66 5 10 10 3 4.5 1.5 

Comparison 1 71 0 10 4 10 5 0 

Comparison 2 76 5 0 10 3 4.5 1.5 

Comparison 3 90 5 5 0 0 0 0 

Note: The figures in the table represent the mass content. 

2.2. Preparation Process 

According to Table 1, all raw materials according to the proportion are mixed at 
500 - 800 rpm for 2 - 5 minutes in the high-speed mixing machine. Then the 
machine speed turn to 3000 - 3800 rpm for 15 - 20 minutes. During this period, 
the mixtures temperature is controlled not high than 60˚C. After that, the mix-
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ture is cooled to room temperature naturally. The mixture is the composite 
cooling powder. 

Mixed with water (pure water, tap water, natural water or desalination water) 
at 1/150-200 mass radio, the powder can absorb water quickly and form hydro-
gel within 1min.  

2.3. Test 

All samples were mixed with tap water in the mass ratio of 1:150, tested after 
forming hydrogel within 1 minute. 

2.3.1. Thermal Protection Performance Test 
Thermal protection performance test (TPP) is a special test generally used to test 
the thermal protection ability of fabrics and other materials against the com-
bined action of heat radiation and heat convection. This method relates thermal 
protection of materials with human body feeling, and can evaluate practical ap-
plication effect of thermal protection objectively. Now it has been listed as a 
general test method. We use it as the main means to test thermal protection 
performance of hydrogel. 

The specific test method is to place the sample horizontally on a specific two 
heat sources, including heat convection and heat radiation. A copper sheet heat 
flow meter placed on the other side of the sample measures the temperature on 
the back of the sample. Compared with Stoll standard curve, the time required 
for second-degree body burning t2 is obtained, and the TPP value is obtained by 
multiplying the exposure heat flow q, which is calculated as TPP = t2 × q. The 
greater the TPP value, the better the thermal protection performance of mate-
rials.  

All hydrogel thickness is 1mm for TPP test, which is the minimum thickness 
during application.  

2.3.2. Thixotropy 
Thixotropy of hydrogel is characterized by consistency degree. Here it’s defined 
as the ratio of the outflow time of hydrogel after 30 minutes of standing in the 
viscometer to that of 30 seconds, and the average value of three tests is taken. 

2.3.3. Adhesive Property 
Hydrogel is amorphous, and it cannot be characterized according to the stan-
dard of cured adhesive. Here we designed a simple test method, shown in Figure 
1. 

Spray hydrogel to a vertical board at 0.15 MPa for 10 s. The board was made 
from common plywood purchased from market. After 1 min, the thickness of 
hydrogel attached to the board can be used to characterize hydrogel’s adhesive 
property, and average value of three different positions was taken. 

2.3.4. Residual Ratio 
Thermogravimetric Analysis test was used to analysis composite powder’s residual  
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Figure 1. Schematic diagram of hydrogel adhesion test method. 

 
percentage. The test was in air atmosphere at 10˚C/min heating rate. Residual 
ratio at 600˚C was assigned. 

3. Results and Analysis 
3.1. Analysis of Formula Composition 

There are three ways of heat transfer: heat conduction, heat convection and heat 
radiation. Materials with good thermal protection property should block heat 
from these three aspects at the same time. Hydrogel is a core-shell structure sys-
tem containing two phases of polymer and liquid. If doped specialized by inso-
luble particles, composite hydrogel will get excellent thermal insulation proper-
ties for blocking these three aspects simultaneously.   

As showed in Table 1, multiple ingredients are added to SAP. 8 recipes are 
designed for optimized composite formulation including 5 sets of test formulas 
and 3 sets of comparison formulas. 

The general design idea is as follows: The unique three-dimensional spatial 
network structure of SAP can bind water firmly, and the hydrogel formed has 
excellent water retention performance even under high temperature. Water has 
considerable heat capacity and evaporation heat, showing excellent cooling abil-
ity [8]. Theoretically hydrogel also has excellent cooling and heat absorption 
performance. Water-soluble metal salts can accelerate the formation speed of 
the hydrogel, avoiding the white core phenomenon [9] effectively. At the same 
time, metal salts belong to flame retardants which can significantly improve fire 
resistance of the hydrogel. Water-soluble polysaccharides can enhance three di-
mensional adhesion of hydrogel, and their thermal expansion and thermal curing 
character can further ensure the high-temperature adhesion and stability of hy-
drogel [10] [11]. Then insolubly particles such as heat-insulating particles, 
flame-retardant particles and nano-particles can empower hydrogel a more stable 
three-dimensional skeleton structure, heat-insulating, flame retardant and heat 
reflection properties are enhanced respectively [12]. Particle size design is de-
signed especially for hydrogel’s thixotropic property [13]. At last, modifier plays 
the role of optimizing and perfecting the whole formulation design.  

The test results of each sample and comparison are shown in Table 2. 
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Table 2. Performance comparison of composite flame-retardant thermal insulation 
powder and its hydrogel. 

 
Thermal protection 

performance 
Thixotropy 

Adhesion 
/mm 

Carbon yield 
% 

Sample 1 2206 2.53 7.8 40 

Sample 2 >2490 1.87 5.3 33 

Sample 3 >2490 2.21 8.2 35 

Sample 4 1801 1.97 6.5 33 

Sample 5 2490 2.42 7.7 42 

Comparison 1 / / / 43 

Comparison 2 2016 2.24 3.2 39 

Comparison 3 1460 1.46 6.1 25 

Note: / means untested. 

 
It is clear that composite hydrogels obtained according to the mechanism 

analysis above, that is samples 1 to 5, all have good thermal protection perfor-
mance, suitable thixotropy, strong adhesion and good high-temperature struc-
tural stability.  

Comparison 1, without metal salt and modifier, formed poor dissolved hy-
drogel. Even after 1 hour later, there were still some powders undissolved, which 
was called “white core” phenomenon. Therefore, we only carried out the carbon 
residual rate test for it. Comparison 2, without polysaccharide, formed poor adhe-
sive hydrogel, which is significantly lower than that of the other samples. Compar-
ison 3, without insoluble particles, flame retardant or nano-oxide, formed poor 
thixotropic hydrogel with considerably lower residue ratio.  

It can be easily got the conclusion that the formula design is scientific and the 
composition proportion is reasonable. The resulting composite dry powders are 
easy to form hydrogels, and the formed hydrogel has excellent thermal protec-
tion performance, suitable thixotropy and adhesion properties. 

3.2. Analysis of Thermal Protection Mechanism   

Thermal protection properties of composite hydrogel’s mainly behaved in three 
aspects: cooling, insulation and flame-retardant.  

When heated, a lot of heat can be taken away by way of rapid evaporating of 
composite hydrogel. exhibiting a rapid cooling ability [1]. However, as to com-
posite hydrogel, the modifier adjusts the interface state of hydrogel and air, 
weaken the attraction between water molecules on the surface and increasing 
potential energy, which makes hydrogel easier to vaporize when heated, and 
further accelerates the cooling rate [14] [15].  

Moreover, all insoluble particles including heat-insulating particles, flame 
retardant particles and nanoparticles doped into hydrogels can give it further 
heat reflection, heat-insulating and flame-retardant properties, making three 
dimensional skeleton structure stable even at high temperatures at the same 
time. 

https://doi.org/10.4236/aces.2021.111003


M. X. Chen 
 

 

DOI: 10.4236/aces.2021.111003 34 Advances in Chemical Engineering and Science 
 

3.3. Analysis of TPP Test 

Testing hydrogels’ thermal protection performance is a brand-new problem, 
which has not been reported literarily. Thermal conductivity or thermal diffusiv-
ity is obviously inappropriate for evaluating instant thermal performance of hy-
drogels because of low accuracy and incomplete evaluating. 

TPP test can evaluate thermal radiation and thermal conductivity of materials 
comprehensively with advantages of simplicity and intuition. Figure 2 shows the 
TPP test results of Sample 1 and Sample 2. It shows that Sample 2 with a thick-
ness of 1mm has an excellent thermal protection effect, which can protect a hu-
man body from secondary burning. 

The morphology photos of hydrogels after TPP test is shown in Figure 3. It 
can be seen that Sample 1 is slightly carbonized, while Sample 2 only has a re-
duced thickness. 

 

 
(a) 

 
(b) 

Figure 2. Screenshots of TPP test results of hydrogel with different coating thickness. Red line: Stoll 
standard curve; Green line: Heat flow response curve (a) Sample 1; (b) Sample 2. 
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(a)                                          (b) 

Figure 3. Morphology photos of hydrogels after TPP test (a) Sample 1; (b) Sample 2.  

3.4. Analysis of Adhesion Performance 

It is clear the thicker the hydrogel, the better the thermal protection perfor-
mance. Hydrogel’s thickness depends largely on its viscosity and strength. Ac-
cording to the adhesion test results of 2.3, hydrogel (1:200) adhesion thickness of 
Sample 1 - 5 was within the range of 5 - 8 mm. As shown in Figure 4, hydrogel 
(1:125) can be easily turned upside down in a beaker, which indicates the success 
of composite dry powder’s design on the other hand. 

3.5. Analysis of TG Test 

Hydrogel evaporates rapidly at 100˚C, absorbing a large amount of heat and 
losing most of weight, as shown in red and blue curve in Figure 5. During the 
process, the form stability of hydrogel is an important factor affecting its appli-
cation. SAP has a thermal decomposition temperature of 400˚C - 500˚C, as 
shown in black curve. The insoluble particles help to maintain and stabilize hy-
drogel during thermal decomposition. So, appropriate insoluble components 
have a considerable contribution to thermal stability of hydrogels. 

TPP test results show that composite hydrogels from Sample1-5 with only 
1mm thick ness have excellent thermal protection performances. Sample 2 and 3 
even reach the upper limit of TPP.   

3.6. Analysis of Cooling Performance 

During TPP test, the temperature sensor’s initial temperature must be down to 
room temperature (20˚C ± 3˚C). While after a TPP test, the sensor’s final tem-
perature rises to 63˚C ± 5˚C. So, during intensive TPP testing, every time after 
one sample test completed, the next sample test can only be carried out when the 
sensor has cooled down. It may take one hour or more to achieve this cooling 
process naturally. Usually the operator reduce time by means of repeated wet 
wipes, which only take 3 - 5 minutes. 

However, during the TPP test period of this paper, composite hydrogel was 
tried for sensor’s cooling. It only took 2 - 3 seconds to cool the sensor from 58˚C 
to 22˚C, which gives a strong proof that composite hydrogel has excellent cool-
ing performance. 
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Figure 4. Hydrogel (1:125) can be easily turned upside down (Left: Sample 1 Right: Sam-
ple 2). 

 

 
Figure 5. TG curves of polymer resins with different water absorption levels.  

4. Conclusions 

The composite cooling powder has the advantage of small in size and light in 
weight, which makes it easy for storage and long shelf life. It can be quickly and 
widely used when it is mixed with different water such as pure water, tap water, 
natural water, sea water, etc. The hydrogel formed is very easy to operate and 
use.  

As a new thermal protection technology, this hydrogel material has excellent 
thermal protection performance, soft, green environmental protection, good skin 
adhesion and non-toxic or non-irritating features. It can be estimated optimisti-
cally that the new thermal protection material will be applied in a large scale. 
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