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ABSTRACT

Pyrophyllite granule powders for thermal spray coating were successfully prepared through spray drying process. To produce a

stable slurry, commercial pyrophyllite powder of 45µm in size was ball-milled for reduction of the size to 2 ~ 3 µm and a disper-

sant was added to control the viscosity. Dense and spherical granules (average granule size : 59 µm) were prepared under condi-

tions of 12,500 rpm for rotation velocity of the atomizer and 100 cps for slurry viscosity. The granules were then heat treated at

1,200°C for proper handling strength and flow properties. The final granules had an apparent density of 0.725 g/cm3 and a flow

rate of 2.5 g/sec, which represent excellent properties to be used as the granule powder for thermal spray coatings.
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1. Introduction

yrophyllite (Al
2
O

3
·4SiO

2
·H

2
O) is a 2:1 lamellar silicate

clay mineral where an AlO
4
(OH)

2
 octahedral layer is

coupled between two SiO
4
 tetrahedral layers. Our country

as the major producer of pyrophyllite has a reserve of about

53 million tons1,2) with its main use as a refractory materi-

al3,4), while its recent uses also include a low-expanding

ceramic material,5,6) glass fiber, cement, filler, plastic, tile,

powder, china material, etc.2) In particular, as it has a low

ignition loss and lower crystal water content compared with

kaolin family minerals, it can be used without conversion to

chamotte, with easy pulverization as an altered mineral. It

is a raw material allowing the use as a ceramic material for

thermal spray coating when the pyrophyllite is produced as

granule powders. Since the process of thermal spray coating

using pyrophyllite granule powders is possible at a very low

cost, its utilization for vessel components or marine struc-

tures, etc. is expected. 

For thermal spray coating where ceramic powders are

melted, accelerated and coated, the Atmospheric Plasma

Spraying (APS) is frequently used due to its an economic

aspect while there are several methods such as APS,7-10)

Vacuum Plasma Spray (VPS), High Velocity Oxygen Fuel

(HVOF), etc. Since the coating with ceramic materials in

plasma thermal spraying method is supplied in the form of

powder, manufacturing of spherical granule powders is one

of the important technologies.11) Since the powder is trans-

ported together with flow of gas for its inflow, the powder

should have a sufficient fluidity, and a sufficient strength to

prevent the shape from being affected by the flow velocity of

gas. Particularly, it can be seen through several literature

that particle size and particle size distribution, etc. of the

powder are important factors in controlling porosities of the

final coating layer.12-14) As the process to manufacture such

powders for coating, spray drying is being widely utilized.15-17)

Since granules are produced by direct spraying in a slurry

state for the spray drying method, uniform mixedness of

each component is guaranteed in manufacturing of multi-

component ceramics and the granule powders larger than

20 µm which enable satisfactory flow and filling can be

obtained.18) Required in manufacturing of such ceramics

granule powders is the control of process variables such as

particle size of starting raw material, slurry concentration,

drying temperature, spray velocity, etc. 

In the present study, the natural resources in Jeollanam-

do of pyrophyllite minerals were utilized as a material for

thermal spray coating to affirm the application possibility

as a material for thermal spray coating. Granule forms of

the powder upon spray process will appear as a donut

shape, a hollow form in apple shape, and a spherical gran-

ule shape. The hollow form occurs as the moisture which

failed to escape from inside pierces the surface to be evapo-

rated during drying process of the agglomerated particle in

a sprayed liquid droplet state.11) In the case of completely

dispersed slurry, the inside moisture is exploded by piercing

through the weakest part on the dried surface, or complete

explosion of the granule is induced, since no space is left for

escape of the moisture inside unable to be evaporated yet as
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the surface is dried first. When the slurry reaches a partly

agglomerated state, empty spaces are generated among

loosely lumped powder particles through agglomeration as

the surface is being dried, so that the inside moisture is

allowed to escape, facilitating formation of spherical gran-

ules. Since appropriate dispersion of particles is required

within the pyrophyllite powder slurry to prevent hollow

shapes, the optimum dispersant content in the slurry was

checked through measurement of slurry viscosity for this

purpose, and the effects of atomizer's rotation velocity on

the shapes of granule powders were discussed in the pres-

ent article. The prepared pyrophyllite granule powder was

heat treated at diversified temperatures, followed by mea-

surement of apparent density and fluidity. 

2. Experimental Procedure

2.1. Analysis of pyrophyllite powder

For the pyrophyllite used as a starting powder, pyrophyl-

lite powder having an average diameter of 45 µm was used,

and the observation results of powder form and particle

form are shown in Fig. 1. Powders ranging from a few µm to

50 µm can be seen to be distributed in a relatively homoge-

neous manner. The particle form shows rough surfaces, and

the sizes are not uniform, with single particles showing a

platy form. This will have ill effects on the fluidity of pow-

der, and the agglomeration strength among particles are so

weak that agglomeration is easily broken. Since application

of such pyrophyllite powders to thermal spray coating

immediately after undergoing only classification process is

not feasible without spray process, preparation of a fine par-

ticle slurry through pulverization of the powder followed by

undergoing the spray process with its use is essential.

2.2. Preparation of granule powders for thermal spray

coating

Zirconia balls of 3 mm, 5 mm, and 10 mm in size were

incorporated in pyrophyllite powder to the ratio of 1 : 2 : 3 vol%,

and 35 vol% of distilled water compared with the powder

was mixed as a solvent, followed by wet ball-milling to pre-

pare the slurry. For dispersion of pyrophyllite powder in the

slurry, 0 ~ 0.5 wt% of a dispersant (DISPERBYK, BYK-184)

in comparison with the pyrophyllite powder was added.

Bubbling phenomenon generated in the ball-milling process

was suppressed by using a minor amount of antifoaming

agent (DISPERBYK, BYK-028). Wet milling was conducted

for 24 h, and then aged for 24 h accompanied by agitation

for preparation of the slurry. Pyrophyllite granules were

prepared by using a spray dryer (OHKAWARA, FOC-20,

Japan). As the conditions for spray process, the inlet tem-

perature was set at 180oC, the outlet temperature at 100oC,

and the drying temperature at 180oC. As the atomizer’s rota-

tion velocity was varied from the minimum of 5,000 rpm to

the maximum of 15,000 rpm in accordance with viscosities

of the slurry, form and particle size of the prepared powders

were considered. Since the granule powders contain mois-

ture and organic additives after spray drying, it is instanta-

neously exposed to a high temperature upon thermal spray

coating and then scattered due to explosion of the granules.

Thus, heat treatment was conducted at varied tempera-

tures ranging from 900oC to 1,200oC to remove moisture and

organic additives from the powder and to maintain the

strength, after which individual microstructure was ana-

lyzed. 

2.3. Analysis of characteristics

For particle size observation of the pyrophyllite powders

which underwent ball-milling process and those which were

prepared in granules, a particle size analyzer (Photal, ESL-

800, Japan) was employed, with each sample being mea-

sured 3 times for derivation of a mean value. For micro-

structures of the granule particles, powder surfaces were

coated with Au-Pd sputter, and observed with a scanning

electron microscope (S-3500N, Hitachi, Japan). For mea-

surement of organic contents in the pyrophyllite powder,

thermal decomposition behavior as a function of tempera-

ture rise was observed by using a thermal analyzer (Santon

Redcroft, STA 1500, U.K.), and the analysis was made in air

atmosphere at the temperature rise rate of 10oC/min up to

900oC. Viscosity of he pyrophyllite slurry was measured by

using a viscometer (Brookfield Viscometer) with the use of

spindle LV4 while maintaining the agitation velocity of

100 rpm. To evaluate fluidity of the heat treated pyrophyl-

lite granule powders, flow rates were measured. After filling

the hopper capable of holding the volume for 50 g with the

prepared granule powder, it was made to flow by self

weight, allowing measurement of flow rates according o the

equation (1). 

 Flow rate = Powder weight / Flowed time (1)
Fig. 1. SEM micrographs of (a) natural pyrophyllite powder

and (b) its particles.
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The powder weight was measured to three decimal places

for calculation, while the flowed time was measured by

using a device capable of automatically recording the time

through sensing of the flow by using a sensor. Apparent

density was calculated according to the equation (2) by mea-

suring weight of the powder placed in the cup to three deci-

mal places after flowing the powder through an orifice of

2.5 mm in hole diameter to be collected in a cup having a

volume of 25 cm3 followed by levelling of the powder. 

Apparent density = Powder weight (g) × 0.04  (2)

3. Results and Discussion

Figure 2 shows the result of particle size analysis for the

pyrophyllite powder of 45 µm in size after pulverization by

ball-milling process, exhibiting a particle size distribution

with a mean value of 2 ~ 3 µm. In the manufacturing pro-

cess of granule powders for ceramic thermal spray coating,

particle size of the starting ceramic powder will have an

effect on inherent characteristics of the powder, amounts of

applied additive, mean particle diameter and roughness of

granules, etc. Since the particle diameter of granules for

thermal spray coating does not exceed 70 µm, the surface of

granules often becomes very rough when the diameter of

powder particles is large. When the mean particle diameter

is shown to be less than 5 µm after undergoing a prelimi-

nary experiment, a relatively smooth surface of granules

was observed. In the present experiment, such condition

was induced when the pyrophyllite powders underwent

appropriate ball-milling process.

For consideration of thermal decomposition behavior of

the pyrophyllite powders, TG-DTA analyses were per-

formed, the results of which are shown in Fig. 3. No special

exothermic and endothermic reactions were observed, and

weight reduction by more than 8.2 wt% was observed at

about 900oC as continuous ignition loss occurred. The fact

that only ignition loss phenomenon was observed without

any special reaction phenomenon occurring is attributable

to slow realization of decomposition process for the crystal

structure as the most of volatile component is crystal water

composed of moisture. Based on such results, changes in

weight reduction were considered while the prepared gran-

ule powders were heat treated up to 1300oC using an elec-

tric furnace, and the results are shown in Fig. 4. For the

granulated pyrophyllite powders, ignition loss could be

affirmed up to 900oC as for the pyrophyllite in powder state,

and such weight reduction was also manifested at 1,000oC

where densification started while weight reduction by

10.18 wt% was observed at 1,100oC. From 1,100oC and up,

no weight reduction was observed, and such results on igni-

tion loss were referred to for determination of temperature

range where strength was maintained in heat treatment

process of granule powders.

Figure 5 shows changes in the slurry viscosity by varying

dispersant contents after preparing the slurry by using the

pulverized pyrophyllite powders. When no dispersant was

added, the slurry viscosity was higher than 900 cps, sug-

gesting that particles were strongly agglomerated. Upon

adding 0.1 wt% of dispersant, dispersion effect was observed

with the viscosity being lowered to 100 cps, and further dis-

persion effect was observed upon addition of 0.2 wt% where

the viscosity was lowered to 40 cps. Subsequently, however,

no change in viscosity was observed even when the amount

Fig. 2. Particle size analysis of ball-milled pyrophyllite pow-
der.

Fig. 3. Thermal analysis curves of pyrophyllite powder.

Fig. 4. Results of weight loss of pyrophyllite granule pow-
der at 900oC and above temperature.
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of dispersant was increased from 0.3 wt% to 0.5 wt%, sug-

gesting that dispersion was realized to the limit of inherent

resistance value as a function of solid contents. For the

slurry prepared with 0.2 wt% of dispersant as the minimum

dispersant content where no change in viscosity occurred as

a result of increase in dispersant contents, slightly hollow-

shaped granules after spray process were observed along

with granule shapes broken by explosion upon drying, the

microstructure of which is shown in Fig. 6. However, in the

case of slurry with 0.1 wt% of dispersant added, a spherical

shape was observed, as shown in Fig. 7. Granule shapes

close to a sphere were observed, with the average size of less

than 100 µm being exhibited. While the size of granule pow-

ders for thermal spray coating is determined by several

variables, it is largely dependent on atomizer’s rotation

velocity. In the case of thermally sprayed coating layers,

there is a need to control the size of granule powders pre-

pared with variation in atomizer's rotation velocity, since

granule powders with an average size less than 70 µm is

required19) as dense layers are generally required although

porous layers may be required at times. The results as a func-

tion of nozzle’s rotation velocity are shown in Fig. 7. For the

atomizer’s rotation velocities of 5,000 rpm and 7,500 rpm,

average granule sizes of pyrophyllite larger than 70 µm

were observed, and the trend for insignificant reduction in

granule size was observed as the rotation velocity was

increased. At the rotation velocities of 10,000 rpm and

12,500 rpm, the average granule powder sizes around

70 µm suitable for thermal spray coating were observed.

Considering the form and the size of pyrophyllite granule

powders, the spray velocity of 12,500 rpm was considered

appropriate, and particle size analysis was conducted for

the granule powders obtained under this condition, the

result of which is shown in Fig. 8. Mean particle size of the

Fig. 5. Viscosity variation of pyrophyllite slurry as a func-
tion of dispersant content.

Fig. 6. SEM micrograph of spray dried pyrophyllite gran-
ules using well dispersed slurry prepared with a dis-
persant content of 0.2 wt% (spray velocity : 12,500 rpm).

Fig. 7. SEM micrographs of spray dried pyrophyllite gran-
ules using slurry prepared from dispersant content of
0.1 wt% as a function of spray velocity (a) 5,000 rpm, (b)
7,500 rpm, (c) 10,000 rpm, (d) 12,500 rpm, (e) 15,000 rpm.

Fig. 8. Particle size analysis of spray dried pyrophyllite
granules obtained from spray velocity of 12,500 rpm.
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powder was shown to be 59.28 µm, and a relatively narrow

particle size distribution was observed in comparison with

general ceramic granule powders. In comparison with the

granule powder prepared with the slurry showing a low vis-

cosity as shown in Fig. 6, the granule powder shown in Fig. 7

represents a relatively narrow particle size distribution, based

on which the dispersion state of slurry could be seen to

affect not only the hollow shape of granule but also the par-

ticle size distribution. 

Figure 9 shows a observation result for the microstructure

after heat treatment of the pyrophyllite granule powder

having a mean size of about 59 µm. In the pyrophyllite

granule powders heat treated at 900oC and 1,000oC, insig-

nificant progress of densification among particles could be

observed. In the pyrophyllite granule powder heat treated

at 1,100oC, particles were observed to be coupled in a more

extensive range, and a denser structure was observed in the

pyrophyllite granule powder heat treated at 1,200oC in com-

parison with the sample heat treated at 1,100oC. The pyro-

phyllite granule powder heat treated at 1,200oC could be

affirmed to maintain the shape as was through sieving and

classification, while the measured apparent density had a

value of 0.725 g/cm3 and a sufficient strength was observed

where the form of powders was not affected by the flow rate

of gas. The flow rate was shown to have a value of 2.5 g/sec.

In another study on thermal spray coating similar to the

present study,20) plasma thermal spray coating was con-

ducted by utilizing YSZ (Yttria Stabilized Zirconia) granule

powders having an apparent density of 1.66 g/cm3 and a

flow rate of 0.732 g/sec, and production of dense coating

structures without macroscopic defects or cracks being

observed was reported to be feasible. When compared with

the above study results, utilization of the pyrophyllite gran-

ule powders as the powders for thermal spray coating is

shown to be possible as they exhibited the fluidity allowing

sufficient spray even at a low gas pressure, accompanied by

a satisfactory density.

4. Conclusions

By using pyrophyllite powders of 45 µm class, the granule

powders for thermal spray coating were prepared through

spray drying process. According to the result of pulverizing

the pyrophyllite powder, the sizes suited to manufacturing

of the slurries for spray were produced with an average size

of 2 ~ 3 µm. For the pyrophyllite slurry intended for spray

drying, spherical granules were successfully manufactured

by using the slurry showing a viscosity of 100 cps with addi-

tion of 0.1 wt% of dispersant. Upon spray process, the pyro-

phyllite granule powders with a mean size of 59 µm suitable

for thermal spray coating were produced at a spray velocity

of 12,500 rpm. For the pyrophyllite granule powder heat

treated at 1,200oC, strong coupling among particles was

observed, showing the characteristics of 0.725 g/cm3 for

apparent density and 2.5 g/sec for flow rate. By using the

pyrophyllite minerals of 45 µm class, ceramic granule pow-

ders enabling general use could be prepared. Hence,

through the present study, not only high-value addition of

the pyrophyllite but also mass production of good-quality

granule powders as the main raw material of ceramics for

thermal spray coating is expected.

REFERENCES

1. J. H. Yoo, Y. U. Kim, and G. J. Lee, “Mineralogical Charac-

teristics and Designation of Key Beds for the Effective Sur-

veys of the Jeonnam Pyrophyllite Deposits (in Koran),” J.

Miner. Soc. Kor., 22 [4] 297-305 (2009).

2. S. M. Koh, “Suggestion on Quality Specifications of Domes-

tic Pyrophyllite according to Utilization,” J. Miner. Soc.

Kor., 20 [1] 61-70 (2007).

3. S. H. Lee, C. K. Cho, and W. T. Bac, “A Study on the Prepa-

ration of Alumina Powders from Bauxite by Wet Acid Pro-

cess and Their Utilization (II) : Mullitization of Pyro-

phyllite-Aluminum Hydrate Gel Mixture (in Koran),” J.

Korean Ceram. Soc., 27 [8] 1011-19 (1990).

4. D. M. Choi, J. S. Lee, N. H. Kim, and S. C. Choi, “High

Temperature Reaction Behaviors of Oxide Materials with

Carbon for Refractory Application (in Koran),” J. Korean

Ceram. Soc., 44 [6] 331-37 (2007).

5. H. S. Park, K. S. Cho, and C. S. Mun, “The Study on Fabri-

cation of LAS System Ceramics for Thermal Shock Resis-

tance from Silicate Minerals : (II) Preparation of Spodumene

Powders with Sillimanite, Kaolin and Pyrophyllite Group

Minerals,” J. Miner. Soc. Kor., 31 [7] 784-94 (1994).

6. D. M. Kim, S. I. Jung, H. C. Lee, and S. J. Lee, “Synthesis

of Low-Thermal-Expansion Cordierite Ceramics Prepared

from Pyrophyllite,” J. Mater. Res. Kor., 25 [7] 330-35

(2015).

7. P. Fauchais, “Understanding Plasma Spraying,” J. Phys.

D. Appl. Phys., 37 [9] 86-108 (2004).

8. S. W. Myoung, J. H. Kim, W. R. Lee, Y. G. Jung, K. S. Lee,

and U. Paik, “Microstructure Design and Mechanical Prop-

erties of Thermal Barrier Coatings with Layered Top and

Bond Coats,” J. Surf. Coat. Technol., 205 [5] 1229-35

(2010).

Fig. 9. SEM micrographs of pyrophyllite particles in gran-
ule powder heat treated at (a) 900oC, (b) 1000oC, (c)
1100oC, and (d) 1200oC.



562 Journal of the Korean Ceramic Society - Yong-Hyeon Kim et al. Vol. 53, No. 5

9. A. Vaidya, V. Srinivasan, T. Streibl, M. Friis, W. Chi, and

S. Sampath, “Process Maps for Plasma Spraying of Yttria-

Stabilized Zirconia: An Integrated Approach to Design,

Optimization and Reliability,” Mater. Sci. Eng. A, 497 239-

53 (2008).

10. D. H. Lee and K. S. Lee, “Mechanical Behavior of Layered

YSZ Thermal Barrier Coatings using Indentation Test (in

Koran),” J. Korean Ceram. Soc., 48 [5] 396-403 (2011).

11. S. C. Byeon, H. J. Je, and K. S. Hong, “Spray Drying of Fer-

rite Powders and the Characteristics of the Granule (in

Koran),” J. Korean Ceram. Soc., 32 [5] 549-58 (1995).

12. X. Q. Cao, R. Vassen, S. Schwartz, W. Jungen, F. Tietz, and

D. Stever, “Spray-drying of Ceramics for Plasma-Spray

Coating,” J. Eur. Ceram. Soc., 20 2433-39 (2000).

13. G. Bertrand, P. Bertrand, P. Roy, C. Rio, and R. Mevrel,

“Low Conductivity Plasma Sprayed Thermal Barrier Coat-

ings Using Hollow PSZ Spheres: Correlation between Ther-

mophysical Properties and Microstructure,” Surf. Coat.

Technol., 202 1994-2001 (2008).

14. B. Ercan, K. J. Bowman, R. W. Trice, H. Wang, and W. Por-

ter, “Effect of Initial Powder Morphology on Thermal and

Mechanical Properties of Stand-alone Plasma-Sprayed 7

wt% Y
2
O

3
-ZrO

2
 Coatings,” Mater. Sci. Eng. A, 435 212-20

(2006).

15. Schrijnemakers, S. Andr, G. Lumay, N. Vandwalle, F.

Boschini, R. Cloots, and B. Vertruyen, “Mullite Coatings on

Ceramic Substrates: Stabilization of Al
2
O

3
-SiO

2
 Suspen-

sions for Spray Drying of Composite Granules Suitable for

Reactive Plasma Spraying,” J. Eur. Ceram. Soc., 29 2169-

75 (2009).

16. L. Wang, Y. Wang, X. G. Sun, J. Q. He, Z. Y. Pan, and L. L.

Yu, “Preparation and Characterization of Nanostructured

La
2
Zr

2
O

7
 Feedstock Used for Plasma Spraying,” Powder

Technol., 212 267-77 (2011).

17. Y. Bai, J. J. Tang, Y. M. Qu, S. Q. Ma, C. H. Ding, J. F.

Yang, L. Yu, and Z. H. Han, “Influence of Original Powders

on the Microstructure and Properties of Thermal Barrier

Coatings Deposited by Supersonic Atmospheric Plasma

Spraying, Part I: Microstructure,” Ceram. Int., 39 5113-24

(2013).

18. S. J. Lukasiewicz, “Spray-Drying Ceramic Powder,” J. Am.

Ceram. Soc., 72 [4] 617-24 (1989).

19.  H. Zhang, Y. Xie, L. Huang, S. Huang, X. Zheng, and G.

Chen, "Effect of Feedstock Particle Sizes on Wear Resis-

tance of Plasma Sprayed Fe-based Amorphous Coatings,”

J. Surf. Coat. Technol., 258 495-502 (2014).

20. C. Kim, Y. S Heo, T. W. Kim, and K. S. Lee, “Fabrication

and Characterization of Zirconia Thermal Barrier Coatings

by Spray Drying and Atmospheric Plasma Spraying (in

Koran),” J. Korean Ceram. Soc., 50 [5] 326-32 (2013).


