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ABSTRACT

Further utilization of polymer matrix composites (PMCs) in the aerospace

industry is threatened by the development of laser weapons, resulting from

weak oxidation resistance, low operation temperature and poor anti-laser

ablation performance of the PMCs. Preparing an adhesive inorganic coating on

the surface of components is an effective method to improve the laser irradiation

resistance. Anti-laser ablation coatings composed of ZrO2 as pigment and

sodium silicate as binder with different curing agents (including SiO2 and

Na2SiF6) are fabricated on the PMCs substrate with brush painting. Influence of

the different curing agents on anti-laser ablation of the coatings at the laser

wavelength of 1064 nm is investigated. The rear surface temperature of sub-

strate with coatings, containing SiO2 and Na2SiF6, decreases from 240 to 60 and

70 �C, respectively, when testing at 1000 W for 5 s. After irradiation test at

1000 W for 10 s, the coating with SiO2 as curing agent shows slight molten state

on the surface, while the coating with Na2SiF6 is broke down, because coating

containing SiO2 possesses more compact microstructure and fewer cracks than

that with Na2SiF6.

Introduction

Polymer matrix composites(PMCs) have been widely

used in aerospace, marine and automobile industries

during the past several decades resulting from their

good engineering properties such as high specific

strength and stiffness, lower density and so on [1, 2].

However, the further utilization of PMCs in aero-

space industry is threatened by the rapid develop-

ment of laser weapons, due to the weak oxidation

resistance, low operation temperature and poor anti-

laser ablation performance of the PMCs [3, 4]. It has

been authenticate that surface modification tech-

nologies enable to accomplish the feasibility and

efficiency of protecting the PMCs substrates [5].

Technologies, including electroplating, thermal

spraying [6, 7], physical vapor deposition (PVD)

[8, 9], chemical vapor deposition (CVD) [10, 11] and

electroless plating [12–14] technologies, are compre-

hensively applied to manufacture various coatings on

the substrate materials, which are propitious to drive

up the performance, extend the lifetime and expand

the application field. Researches indicate that the

high reflectance of optical films helps to decrease the
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absorption of the laser power and protect the sub-

strate materials from damage [15, 20]. Nevertheless,

optical films are difficult to be applied on the com-

plex-shaped substrate and can be easily contamina-

tive [16–18]. In contrast, brush painting, as a kind of

typical adhesive coating technology, is considered an

appropriate candidate to prepare protective coating

because of its easy operation and suitable use in

complex shape and large size for substrates.

In general, a typical inorganic binder, such as

sodium silicate, plays an important role in adhesive

coating process, and it is widely employed in the

extreme condition of high temperature and laser

irradiation [19]. Besides, ZrO2 exhibits excellent

properties, such as high reflectance, high oxygen

storage capacity, low thermal conductivity, high

thermal shock resistance, high fracture toughness,

high-temperature phase stability and chemical dura-

bility, which meet the requirements of the substrate

materials and the functional coatings [20–22].

Recently, most studies focus on the materials irradi-

ated by the low-energy laser or for short time [23–25].

There are rarely studies focusing on the high energy

continuous laser protection of carbon fiber-reinforced

polymer matrix composites(Cf/PMCs).

This paper chooses sodium silicate as binding agent,

silicon oxide or sodium fluorosilicate as curing agent

and zirconium oxide as filler. The inorganic materials

with excellent heat insulation performance and high

reflectivity at thewavelength of 1064 nmwere selected

as addition to improve ablation resistance of coating.

ZrO2—sodium silicate coating on the surface of Cf/

PMCs substrate was prepared by brush painting and

sequential drying treatment. In thiswork, the objective

of this study was to investigate the laser ablation

resistance of the inorganic coating. Some critical per-

formances such as reflectance and the heat resistance

of the coatings at the laserwavelength of 1064 nmwere

studied. As well, the microstructures of the coatings

before and after property testing were discussed.

Furthermore, laser ablation and laser-proof mecha-

nisms of coating were explored.

Experimental method

Sample preparation

The size of commercial substrate of Cf/PMCs was

50*50*2 mm. For the sake of getting significant

bonding between substrate and coating, the substrate

should be sandpaper coarsened, activated and

washed with deionized water before brush painting.

The ceramic slurry was prepared using commercial

powders listed as followings: ZrO2(Alfa Ascar, USA,

particle size 0.1–0.3 lm, 99%), SiO2(Alfa Ascar, USA,

30–50 lm, 99%) and Na2SiF6(Alfa Ascar, USA,

40–60 lm, 99%). The sodium silicate with modulus of

2.7 and Baume degree of 48 was selected as binding

agent. The raw materials were firstly weighted

according to the formulation, listed in Table 1, and

then milled for 10 min with a rate of 1000 r/min.

Then, the substrates were coated with ceramic slurry

by brush painting with the scraper and groove to get

a coating about 1 mm in thickness. After scraping,

the samples were dried at room temperature for 12 h,

at 323 K for 8 h, 373 K for 8 h, 473 K for 4 h and

523 K for 4 h in turn to make the coating sufficiently

cure.

Laser irradiation tests

The laser ablation tests in this paper were carried out

by using yttrium laser system (YSL-2000) with the

wavelength of 1064 nm in atmospheric environment.

The spot size of the Gaussian laser was set as about

10 mm 9 10 mm, and the laser power was variable at

three levels of 500, 1000 and 1500 W. The samples

were irradiated by laser for 5 or 10 s. During the laser

irradiation, the intensity of forward-scattered light

(FSL) of coating was measured by IR receiver

(GD3561T, China). Meanwhile, the rear surface tem-

perature of sample in the center region was syn-

chronously measured by K-type thermocouple.

Characterization

The surface roughness of raw coatings was measured

by Surface Roughness gauge (pocket era TR100,

USA). The reflectivity of raw coatings was measured

by Cary 5000 Ultraviolet -Visible-Infrared spec-

trophotometer with the condition of room tempera-

ture and weak light. Tensile test was carried out for

the coatings using a tensile testing instrument

Table 1 The formulations of coatings

Sample ZrO2 (g) SiO2 (g) Na2SiF6 (g) Sodium silicate (g)

S1 5 5 0 5

S2 5 0 5 5
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(WDW-E100D, China). Tensile test samples were

machined to be U25.4*3 mm and glued (914 epoxy

resin) with mating part of same dimension. Cross-

head speed of 1 mm/min was applied for all coat-

ings. The phase structure and surface microstructure

of the samples before and after irradiation were

examined by scanning electron microscope (SEM,

Hitachi S4800, Japan). The composition of the sam-

ples was identified by energy-dispersive spec-

troscopy (EDS, Oxford, G.B.). The mass ablative rate

(M) was computed using Eq. (1).

M ¼ mo �mt

Dt
ð1Þ

where mo and mt are mass of samples (in grams)

before and after irradiation test, Dt is total time of

laser irradiation (in seconds).

Results and discussion

Morphology and characteristics

According to the repeated five times of tensile test,

the average adhesive bond strength of S1 is 3.56 MPa.

That of S2 is 3.24 MPa. For both samples, the fracture

occurred on the interface, which indicates that the

cohesive bond strength of coating is higher than the

obtained adhesive bond strength. Figure 1 shows the

reflectivity spectra of coatings of S1 and S2 before

laser irradiation. The reflectivity of both samples is

about 95% at the wavelength of 1064 nm. However,

the surface roughness of S1 is Ra 2.38 lm, and that of

S2 is Ra 3.57 lm. The reasons may be explained by

the surface micro-morphology before being ablated,

as shown in Fig. 2. The surface of S1 is more compact,

whose cracks are finer. Because of faster curing rate

of coating with sodium fluorosilicate, the outmost

surface firstly tends to cure, then the inner vapor

gathers in one place and volatilizes when the tem-

perature increasing, resulting in the cracks and pits.

Ablation resistance performance

Figure 3 describes the macroscopic front surface state

of the substrates and coatings before or after laser

irradiation. The original surface of Cf/PMCs sub-

strate before irradiation is exhibits in Fig. 3a. After

being irradiated by the laser with energy of 1000 W

for 5 s, the surface state of the substrate without

coating was significantly damaged and the mass

ablative rate (M) of substrate was 0.026 g s-1.

According to Fig. 3b, it can be seen that the cross-

woven carbon fiber exposed obviously, carbon fiber

occurring oxidizing ablation and resin was ablated

seriously. However, slight ablation marks were found

on the coating of S1 under the condition of 1000 W

laser irradiation for 5 s, whose ablation area is about

25 mm2, as shown in Fig. 3c. After soaking this S1

sample in water for 7 days and sequentially scraping

coating off manually, the front surface state of S1

substrate is shown in Fig. 3d. It is revealed that front

surface of S1 substrate is slightly affected by heat

transmitted from the coating and still remains intact.

The rear surface temperature of substrate without

coating significantly rose during laser irradiation

with the energy of 1000 W for 5 s. After the laser

irradiated for 5 s, the rear surface temperature of

substrate still rose and finally reached up to the

highest temperature of 240 �C, because the energy of

laser was transferred by heat. While the rear surface

temperature of S1 rose slowly, the highest tempera-

ture of S1 was 60 �C during the same laser irradia-

tion. When the laser irradiation was over, the rear

surface temperature of substrate no longer rose,

indicating the significant thermal resistance of the

coating of S1 sample. While, the highest temperature

of S2 was 70 �C, whose rate of rise of temperature

was higher than that of S1, suggesting that the ther-

mal insulation of S2 be inferior to that of S1, as shown

in Fig. 4.

The intensity of forward-scattered light (FSL) of

coating was much higher than that of substrate

without coating, and the intensity was stable, as

shown in Fig. 5. The deposition and transmission ofFigure 1 Reflectivity spectra of coatings before laser irradiation.
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laser energy can be prevented resulting from high

intensity of FSL of coating.

When the power of laser was 500 W for 10 s, there

was no evident ablation region on the coating, as

shown in Fig. 6a. When the power of laser was

1000 W for 10 s, there was obviously milk white

ablation region on the coating, and the ablation area

was about 78.5 mm2, as shown in Fig. 6b. When the

power of laser was 1500 W for 10 s, the coating of

central area of irradiation disappeared entirely

because of higher energy, as shown in Fig. 6c. The

edge area of irradiation contracted to develop bright

white raised area, and the ablation area was about

176.6 mm2.

The macroscopic appearance of S1 and S2 which

were irradiated by laser with energy of 1000 W for

10 s was compared, as shown in Fig. 6b, d. During

the laser irradiation, S2 generated splash and dark

smoke, and the coating was broken down because of

thermomechanical coupling effects. The ablation area

was about 100.1 mm2. Some cracks were perpendic-

ular to the edge of ablation zone there. The laser

Figure 2 Surface micro-

morphology of coatings before

laser irradiation.

Figure 4 Rear surface temperature of different samples during

laser irradiation with energy of 1000 W for 5 s.

Figure 5 FSL intensity of different samples during laser irradi-

ation with energy of 1000 W for 5 s.

Figure 3 Macroscopic front surface state of a substrate before

irradiation, b substrate after irradiation, c coating of S1 after

irradiation and d substrate of S1 after irradiation with laser energy

of 1000 W for 5 s.
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energy imparted to the sample during the laser irra-

diation was sufficient to induce thermal stresses on

the coating surface that resulted in dissemination of

existing macrocracks.

Figure 7 describes the relation between the rear

surface temperature of samples and time with the

laser energy of 1000 W irradiated for 10 s. The rear

surface temperature of S1 increased slowly, and the

highest temperature was about 100 �C. However, the

rear surface temperature of S2 increased rapidly.

There was a sharp increase in the rate of rise of

temperature at the 5th second after laser opening,

possibly because the coating was broken down at the

moment. The temperature of substrate rose

dramatically without the insulating effect and high

reflectivity of coating to consume laser energy. The

highest temperature was about 240 �C. FSL of both

samples was similar in first 5 s after laser opening.

FSL of S2 decreased sharply at the 5th second after

laser opening due to laser energy deposition during

the laser irradiation, so the coating was broken down,

as shown in Figs. 6d and 8.

Surface of S1 showed slight molten state by the

laser with energy of 1000 W for 10 s, as shown in

Fig. 9. What are the reasons for the difference of laser

irradiation resistance between these two kinds of

coating? There were some pits on the surface of S2, as

shown in Fig. 2. Much more laser energy could be

absorbed because of the pits, and then temperature in

some local areas got so high to start physical or

chemical reactions. The coating was broken down

due to the propagation of cracks and other defects.

However, the sample whose curing agent is silicon

dioxide is denser and owns fewer defects. In addi-

tion, sodium fluorosilicate begins to decompose at

300 �C around, which damages the compactness of

coating resulting in the absorption of more laser

energy, while silicon dioxide itself has good thermal

stability. Furthermore, sodium fluoride in the coating

of S2 samples was produced by the following reac-

tion between sodium fluoride as curing agent and

sodium silicate binder during the curing process.

Na2SiF6 þ 4H2O ! 2NaF # þ 4HFþ Si OHð Þ4
HFþNaOH ! NaF # þH2O

For S2 sample, sodium fluoride melting point of

precipitate sodium fluoride is around 993 �C and is

obviously lower than that of silicon dioxide, so more

Figure 7 Rear surface temperature of different samples during

laser irradiation with energy of 1000 W for 10 s.

Figure 8 FSL intensity of different samples during laser irradi-

ation with energy of 1000 W for 10 s.

Figure 6 Macroscopic surface state of (a–c) S1 coating (d) and

S2 coating for different laser irradiation parameters.
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severe mass loss and lager size pores, observed in

Fig. 9, come into being before laser irradiation.

Ablation mechanism

Under the effect of laser thermal shock, central area

of laser irradiation of S1 occurred serious ablation, as

shown in Fig. 10. Resin decomposition and carbon

fibers oxidation of substrate were caused, as a result

of coating’s melting and gasifying when laser irra-

diating to produce a high-temperature area. Some

bright white nearly spherical particles distributing

around the edge of the pit are mainly composed of Zr

and O by means of EDS analysis, generated by

melting of ZrO2 particles. The rising process of rear

surface temperature can be divided into two stages,

as shown in Fig. 11. Firstly, the temperature slowly

rises, since that the coating owns good insulating

ability and high reflectivity. What is more, coating

can consume laser energy by melting and gasifying.

With laser energy continuous deposition, the coating

was broken down at the 7th second after laser

opening, and the protective effect disappearing, so

the temperature rapidly rises. The highest rear sur-

face temperature of substrate is 300 �C. The rear

Figure 11 Rear surface temperature of S1 after laser irradiation

with energy of 1500 W for 10 s. Figure 12 Macroscopic morphology of S1 rear surface after laser

irradiation with energy of 1500 W for 10 s.

Figure 9 Microscopic

morphology of S1 (a) before

(b) and after laser irradiation

with energy of 1000 W for

10 s.

Figure 10 Microscopic

morphology of ablation central

area of S1 after laser

irradiation with energy of

1000 W for 10 s.
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surface of substrate slightly turned yellow, and resin

is slightly ablated to decompose at this temperature,

as shown in Fig. 12.

Figure 13 describes the microstructure of edge area

of S1 irradiated by laser energy of 1500 W for 10 s.

There are little Zr on the surface of fringe area, but a

lot of Si and Na from EDS analysis. We can conclude

that the surface of edge area is covered by molten

silicon oxide and sodium oxide, as well ZrO2 parti-

cles are covered. This kind of structure possesses fine

insulating effect. There are some circular cavities on

the surface of edge area resulting from melting and

gasifying of sodium silicate at high temperature.

Conclusion

The inorganic coating prepared on Cf/PMCs

achieves protection mechanism of non-ablating,

thermal insulation and high reflectivity at the wave-

length of 1064 nm. This coating effectively protects

the Cf/PMCs substrate from laser irradiating. With

the increase in laser power and irradiation time, the

continual deposition of laser energy leads to the

temperature rise of coating. Damaging process of

coating includes melting and gasifying of sodium

silicate, silicon oxide and zirconium oxide.

The rear surface temperature of substrate with

coatings, containing SiO2 and Na2SiF6, decreased

from 240 to 60 and 70 �C, respectively, when testing

at 1000 W for 5 s. The coating with sodium silicate as

binding agents, silicon oxide as curing agent, zirco-

nium oxide as filler shows slight molten state on the

surface irradiated by the laser with energy of 1000 W

for 10 s, while the coating with sodium fluorosilicate

as curing agent is broke down, because the coating

with silicon dioxide as curing agent is denser and

owns fewer defects, and silicon dioxide itself has

good thermal stability, which improves the laser

irradiation resistance of coating. Sodium fluorosili-

cate begins to break down at 300 �C, which damages

the compactness of coating resulting in the absorp-

tion of laser energy.
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