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Abstract: To obtain high-performance Zr-based ultra-high-temperature composites, Zr-based ultra-high-temperature 
gradient composites were prepared by changing the laying method of the infiltrant via reactive melt infiltration. The 
effects of different infiltrant laying methods on the microstructure and ablative properties of Zr-based 
ultrahigh-temperature gradient composites were investigated. The results showed that the gradient structure of the 
Zr-based ultrahigh-temperature gradient composites differed when the composition ratio of the infiltrant was changed. 
When the thicknesses of the Zr/Mo/Si layers were 6/4/12 mm and 8/2/12 mm, the SiMoZrC solid solution content in the 
samples increased and decreased along the infiltration direction, respectively. The gradient samples were ablated in an 
oxyacetylene flame at 3000 °C for 40 s. The ablation resistance of the sample was the highest when the infiltrant was a 
powder and the thickness of the Zr/Mo/Si layer was 6/4/12 mm. 
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1 Introduction 
 

Carbon/carbon (C/C) composites are 
considered promising materials for high- 
temperature aerospace structural materials and 
thermal protection systems owing to their low 
density and thermal expansion coefficient [1]. 
However, they easily react with oxygen at 400 °C in 
an oxidizing atmosphere, which tends to degrade 
the properties of the materials. This limits the 
application under extreme conditions. To solve  
this problem, researchers have used ultra-high- 
temperature ceramics, such as ZrC, HfC, TaC, and 
SiC, to modify the C/C composites. 

Both ZrC and its oxidation product ZrO2 have 
good thermal stability and high melting point (3420 
and 2677 °C, respectively). Thus, C/C composites 

modified with ultra-high-temperature ceramics  
have the greatest potential as materials for      
use in modification technologies [2,3]. Numerous 
investigations on C/C−ZrC composites have shown 
that the addition of SiC ceramics effectively 
improves the ablation resistance. This is because the 
oxidized SiO2 glass can effectively fill the pores 
and cracks in the ZrO2 layer [4−9]. However, an 
SiO2 depletion layer appears during the oxidation  
of C/C−ZrC−SiC. To solve this problem, some 
researchers have improved the ablation resistance 
by adding high-boiling-point oxides [10−12], whereas 
others have added MoSi2 to provide additional Si 
sources that can reduce the appearance of the SiO2 
depletion layer [13−15]. Experiments have shown 
that the C/C composites modified by a Zr−Mo−Si 
system exhibit good ablation resistance [16]. 

The mismatch of thermal expansion coefficient 
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is a challenge for ultra-high-temperature ceramic 
modified C/C composites. Gradient materials with 
excellent development prospects in the aerospace 
field can effectively resolve the mismatch between 
the thermal expansion coefficients of ultra-high- 
temperature ceramics and carbon fibers. The 
preparation methods for gradient ultra-high- 
temperature composites include plasma spraying, in 
situ reaction, chemical vapor deposition, and 
reactive melt infiltration. Plasma spraying can 
easily control the gradient composition; however, 
the gradient coating has holes and cracks, and the 
ceramic powder may not melt [17−19]. The in situ 
reaction process is complicated, cracks are easily 
produced [20,21], and chemical vapor deposition 
has a long preparation period [22]. However, the 
reaction infiltration method can be used to prepare 
materials with compact structures and excellent 
ablation resistance within a short preparation period 
and at a low cost [23]. 

In this study, gradient Zr-based ultra-high- 
temperature composites were prepared via reactive 
infiltration, providing a new method for preparation 
of gradient ultra-high-temperature materials with 
excellent performance and dense structures. The 
melt formation process was affected by altering the 
laying method of infiltrant. Accordingly, gradient 
Zr-based ultra-high-temperature composites were 
prepared. The microstructure, melt-infiltration 
mechanism, and ablation properties of the Zr-based 
ultra-high-temperature gradient composites were 
investigated. The ablation properties of the Zr- 
based ultra-high-temperature gradient composites 
were examined to investigate the ablation behavior 
and ablation mechanism of the materials. 
 
2 Experimental 
 
2.1 Materials 

The raw materials mainly included C/C 
composites (T700, PAN-based carbon fiber, Japan) 

and Zr (d~50 µm, 99.99% purity, Beijing Xing Rong 
Yuan Technology Co., Ltd., China), Mo (d1−3 µm, 
99.9% purity, Qinhuangdao Yinuo High-tech 
Material Development Co., Ltd., China), and Si 
powders (d~75 µm, Changsha Tijo Metal Material 
Co., Ltd., China). First, the C/C composites were 
placed in a graphite crucible. The Zr, Mo and Si 
powders that were subjected to different treatment 
methods, were placed on the C/C composites at the 
specific heights in the order (from top to bottom) of 
the Zr, Mo, Si and C/C preforms. Table 1 lists the 
thickness of Zr, Mo and Si layers and the density of 
C/C composites before infiltration. All the samples 
were heated to 2000 °C, kept for 3 h, and finally 
cooled to room temperature. The infiltrant consisted 
of Zr, Mo and Si powders, and the raw materials 
were treated using two methods. The first involved 
laying the powders in the order of Zr, Mo and Si 
directly on the C/C composites, and the second 
involved using the prepared tablets. The Zr, Mo and 
Si powders were separately mixed with paraffin 
wax (2 wt.%) and pressed onto tablets of mold size 
of 65 mm × 25 mm. Finally, the Zr, Mo and Si 
briquettes were placed in a graphite crucible, heated 
to 1400 °C, and kept for 1 h. 

 
2.2 Ablation test 

Ablation tests were performed on the Zr-based 
ultra-high-temperature composites using an 
oxyacetylene torch. The pressures and fluxes of 
oxygen and acetylene were 0.4 MPa and 1.960 L/s, 
0.095 MPa and 0.696 L/s, respectively. The 
oxyacetylene flame temperature was 3000 °C, 
ablation time was 40 s, and distance between the 
gun tip and ablated surface was 21 mm. The linear 
and mass ablation rates of the samples were 
calculated using Eqs. (1) and (2), respectively:  
Rl=(l0−l1)/t                              (1)  
Rm=(m0−m1)/t                            (2)  
where Rl is the linear ablation rate; l0 and l1 are the 

 
Table 1 Thickness of Zr, Mo and Si layers and density of C/C composites before infiltration 

Sample 
Density of 

porous C/C/(g·cm−3) 
Infiltrant 

Thickness of 
Si/mm 

Thickness of 
Mo/mm 

Thickness of 
Zr/mm 

P6 1.36 Powder 12 4 6 

P8 1.37 Powder 12 2 8 

P10 1.14 Powder 12 0 10 

PT6 1.35 Prepared tablet 12 4 6 
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thickness of the ablation center before and after 
ablation, respectively; Rm is the mass ablation rate; 
m0 and m1 are the mass of the material before and 
after ablation, respectively; t is the ablation time of 
the material in oxyacetylene. 
 
2.3 Characterization 

The morphologies of the Zr-based ultra- 
high-temperature composites were analyzed using a 
scanning electron microscope (SEM) equipped with 
an energy dispersive spectrometer (EDS). The 
phase compositions were identified using a D/max 
2550vb+18 kW rotating target X-ray diffraction 

analyzer (XRD, Rigaku Co.). The scanning angle 
was in the range of 10°−90° and the scanning speed 
was 5 (°)/min. 
 
3 Results and discussion 
 
3.1 Effects of infiltrant laying method on micro- 

structure 
3.1.1 Cross-sectional morphology 

The cross-sectional morphologies of the Zr- 
based ultra-high-temperature composites are shown 
in Fig. 1, where Samples P6 and PT6 exhibit dense 
structures. The cross-section is divided into three 

 

 
Fig. 1 Cross-sectional morphology of Samples P6 and PT6: (a) P6; (b) Area III of Sample P6; (c) Area II of Sample P6; 
(d) Area I of Sample P6; (e) PT6; (f) Area III of Sample PT6; (g) Area II of Sample PT6; (h) Area I of Sample PT6 
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areas: I, II and III. Area I is located close to the 
infiltrant. Figure 1(a) shows the cross section of 
Sample P6, which is mainly composed of three 
phases: black, gray and white, which are identified 
as C, SiC and SiMoZrC solid solutions, respectively, 
through energy dispersive spectroscopy. It can be 
seen that the SiC phase and SiMoZrC solid solution 
contents decrease and increase gradually along the 
infiltration direction, respectively. A comparison of 
Figs. 1(b−d) reveals a change in the ceramic 
distribution of Sample P6. Figure 1(e) shows the 
cross-sectional morphology of Sample PT6. As 
show in Fig. 1(e), the SiMoZrC solid solution 
content shows no noticeable changes along the 
infiltration direction. A comparison of Figs. 1(f−h) 
reveals that the ceramic content in Sample PT6 
gradually decreases along the infiltration direction. 
A comparison of Samples P6 and PT6 shows that 
the ceramic phase composition changes after 
infiltration is altered. The SiC ceramic content in 
Sample PT6 is higher than that in Sample P6, 
whereas the SiMoSiC solid solution content in 
Sample PT6 is lower than that in Sample P6. 
Figures 2(a, b) show cross-sectional morphologies 
of Samples P8 and P10, respectively. Figure 2(a) 
shows that the SiMoZrC solid solution content 
gradually decreases along the infiltration direction; 
however, the number of pores increases, with the 
pores being unfavorable for ablation resistance. The 
ceramic phases of Sample P10 are primarily ZrC 
and SiC, and the ceramic phase content of the 
sample exhibits no noticeable changes along the 
infiltration direction. 

To effectively demonstrate the change in the 
phase content of Zr-based ultra-high-temperature 
composites, Image-Pro Plus was used, which can 
make a rough calculation of the ceramic content in 
 

 
Fig. 2 Cross-sectional morphology of Samples P8 (a) and 
P10 (b) 

the cross section. Figure 3 shows the analytical 
result, which reveals the distinct variation 
tendencies of ceramic content along the infiltration 
direction. The figure shows that the content of the 
SiMoZrC solid solution in Sample P6 increases 
along the infiltration direction, which is consistent 
with the previous analytical results. This indicates 
that Sample P6 is a gradient material. For Sample 
P6, the thickness of the Mo layer of the infiltrant is 
the highest among all the samples, and the 
resistance of the Mo layer to melt flow is more 
distinct. This means that Si melts to a greater extent 
at the early stage, and therefore more SiC and less 
SiMoZrC solid solution are present in Area I. In 
Sample P8, the SiMoZrC solid solution and SiC 
decrease along the infiltration direction. This is 
because the thickness of the Mo layer of the 
infiltrant of Sample P8 is smaller, and the resistance 
of the Mo layer to melt flow is low. Therefore, more 
melts enter the pores of the C/C composite in the 
early stage, thus sealing the pores and obstructing 
melt infiltration. In Sample P10, Si and Zr form a 
Si−Zr alloy melt favorably and without hindrance 
from the Mo layer, thus forming a homogeneous  
 

 
Fig. 3 Volume fraction of ceramic phase: (a) SiMoZrC 
and ZrC; (b) SiC 
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composite material. As shown in Fig. 2, the change 
of the ceramic content is not apparent along the 
infiltration direction. In Sample PT6, the content of 
the SiMoZrC solid solution in the sample is minute; 
however, the SiC content is extensive. This is 
because the density of the Mo layer in the sample is 
high. This prevents the Zr and Si melts from mixing. 
Therefore, only the Si melt infiltrates into the pores 
at the early stage of infiltration. 
3.1.2 Phase composition 

To analyze the phase composition of the 
material, the infiltration surface (Area I) of the 
gradient material was analyzed by XRD, and the 
results are shown in Fig. 4. It can be seen that the 
sample surface consists of C, SiC, MoSi2, ZrC and 
SiMoZrC solid solutions. Samples P6 and PT6 
exhibit the highest SiC diffraction peak, indicating 
that the SiC content on the infiltration surface is the 
highest. By contrast, Sample P8 exhibits the highest 
diffraction peak for the SiMoZrC solid solution, 
indicating that the content of the solid solution on 
the infiltration surface is the highest. This result is 
consistent with the data presented in Fig. 3. A 
comparison of the XRD patterns of Samples PT6 
and P6 reveals that the relative content of the 
ceramic phase changes significantly when the state 
of the infiltrating is altered. 
 

 

Fig. 4 XRD patterns of gradient material surface 
 
3.1.3 Interface characteristics of carbon−ceramic 

To better understand the infiltration 
mechanism of gradient Zr-based ultra-high- 
temperature composites, the carbon−ceramic 
interface was analyzed in this study. According to 
the distribution and content of the ceramic phase at 
the interface, the carbon−ceramic interface is 

divided into three types: SiMoZrC solid solution 
and C mixture (α-type), continuous SiC ceramics 
(β-type), and SiMoZrC solid solution and SiC 
ceramics (γ-type). Figures 5(a−c) show that the 
carbon−ceramic interfaces of Sample P6 exhibit no 
distinct changes along the infiltration direction, and 
all are α-type interface. The SiMoZrC solid solution 
and C mixture, SiMoZrC solid solution alone, and 
SiC mixed ceramics comprise the interface 
components from the carbon fiber to the pore center. 
This represents the generation sequence of the 
ceramic phase during the reaction infiltration 
process. As shown in Figs. 5(d−f), the ceramic 
distribution at the carbon−ceramic interface changes 
significantly during infiltration. The carbon−ceramic 
interfaces in Areas I−III are a continuous SiC 
ceramic (γ-type), mixture of the SiMoZrC solid 
solution and SiC ceramic (γ-type), and mixture of 
the SiMoZrC solid solution and C (α-type). The SiC 
ceramic is the most abundant in Area I, SiMoZrC 
solid solution and SiC formed simultaneously in 
Area II, and SiMoZrC solid solution formed in  
Area III. A comparison of Figs. 5(g, h) reveals that 
the carbon−ceramic interface of Sample PT6 is 
mainly composed of SiC ceramics (β-type). The 
surrounding carbon fiber is SiC ceramic, indicating 
that the SiC ceramic forms first. The formation of 
β-type interface in Sample PT6 is related to the 
state of the infiltrant. Because the porosity of the 
infiltrant is low, it is difficult for Mo to dissolve in 
the Si melt, and the dissolution rate of the infiltrant 
is slow. Therefore, a large amount of Si melt 
infiltrates the C/C composites and forms SiC 
ceramics. 
 
3.2 Infiltration mechanism 

Because of the different states and ratios of the 
infiltrants, the formation process of the melt and the 
reaction process between the melt and the matrix 
are different. In addition, the ceramic phase content 
and distribution of the Zr-based ultra-high- 
temperature composites are different. This is 
because the porosities of the various infiltrants are 
different, which leads to different reaction melt− 
infiltration processes. Both the distance between the 
powder particles in the powder-spreading samples 
and their porosity are large. Owing to the growth  
of powder particles during the sintering process, the 
porosity of the pretreated samples is low. 
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Fig. 5 Morphology of carbon ceramic interface: (a) Area III in Fig. 1(a); (b) Area II in Fig. 1(a); (c) Area I in Fig. 1(a); 
(d) Area III in Fig. 2(a); (e) Area II in Fig. 2(a); (f) Area I in Fig. 2(a); (g) Area III in Fig. 1(e); (h) Area II in Fig. 1(e);  
(i) Area I in Fig. 1(e) 
 

Figure 6 shows the infiltration processes with 
different laying methods. The infiltration processes 
have two major stages: melting points of Si 
(1400 °C) and Zr (1850 °C). In Sample P6, the 
infiltrant contains the Mo layer. When the 
temperature reaches the melting point of Si, the 
melting rate of the Si layer is high because the 
infiltrant is in a powdered state, and the surface 
energy is also high. Therefore, only the Si melt is 
present during the initial stage of infiltration. At this 
stage, under the action of capillary force and gravity, 
the Si melt gradually penetrates the pores of the 
C/C composites and Mo layer, which yields 
Eqs. (3)−(5). However, the Gibbs free energies of 

MoSi2 and Mo5Si3 with C (Eqs. (6) and (7)) are 
high, rendering the reaction difficult (Fig. 7). When 
the temperature reaches 1850 °C, Zr begins to melt. 
In contrast, the Mo layer does not melt at this point, 
which slows down the infiltration rate of Zr melt 
into the pores of the sample (Eq. (8)). It leads to the 
initial penetration of the Si melt into the pores of 
the sample. As the infiltration progresses, Zr and 
Mo infiltrated the pores of the material with the Si 
melt. Therefore, more SiC is present near the 
infiltrant. For Sample P8, the infiltration process is 
similar to that of Sample P6. However, the Mo layer 
of Sample P8 is thin, resulting in more Zr in the  
Si melt during the early stage (Eqs. (9) and (10)),  
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Fig. 6 Schematic diagrams of infiltration process with 
different laying methods 
 

 

Fig. 7 Gibbs free energy change of main reaction in RMI 
process 
 
which enters the pores. Because Zr reacts with C 
more readily, more ZrC is present around the 
carbon fibers (Eq. (11)). Simultaneously, the ZrC 
seals the pores, making it difficult for the melt to 
infiltrate, which leads to a gradual decrease in the 
ceramic phase content of the sample along the 
infiltration direction. For Sample P10, the infiltrant 
contains only the Si and Zr, forming a stable Zr–Si 

melt. The relative composition of the Zr–Si melt 
does not change along the direction of infiltration, 
and a homogeneous material is formed (Eqs. (12) 
and (13)). For Sample PT6, when Si begins to melt, 
it is difficult for the Si melt to enter the Mo layer 
because the porosity of the Mo layer is very low, 
which results in only a small amount of Mo melting 
into the Si melt. Simultaneously, the Mo layer 
hinders the reaction between the Zr and Si melt. 
Consequently, in the early stage of infiltration, only 
the Si melt enters the pores of the C/C material and 
reacts with the pyrolytic carbon. When the 
temperature reaches 1800 °C, Zr layer begins to 
melt; however, it is difficult for Zr to penetrate the 
material owing to the obstruction of the Mo layer. 
Therefore, only a few Zr and Mo particles infiltrate 
the pores in the material.  
Si+C=SiC                               (3)  
Mo+2Si=MoSi2                                          (4)  
5Mo+3Si=Mo5Si3                                      (5)  
MoSi2+3C=MoC+2SiC                    (6)  
Mo5Si3+8C=5MoC+3SiC                  (7)  
5Zr+Mo5Si3=Zr5Si3+5Mo                  (8)  
Zr+2Si=ZrSi2                                            (9)  
5Zr+3Si=Zr5Si3                                        (10)  
Zr+C=ZrC                             (11)  
ZrSi2+3C=ZrC+2SiC                     (12)  
Zr5Si3+8C=5ZrC+3SiC                   (13) 
 
3.3 Ablative properties and mechanism of 

gradient Zr-based ultra-high-temperature 
composites 

3.3.1 Ablative properties 
The ablation results of the cross-sections    

of the Zr-based ultra-high-temperature composites 
exposed to high temperatures for 40 s are shown  
in Figs. 8 and 9. Figure 8 shows the macroscopic 
ablation surfaces of the samples, revealing no 
distinct ablation pits on the surface of Sample P6. 
However, an oxide film is observed on the surface 
of Sample P6. Distinct ablation pits are observed on 
the surfaces of Samples P8 and PT6. Figure 9 
shows the mass and linear ablation rates of the 
samples. The linear and mass ablation rates of 
Sample P6 are the lowest, and the linear and mass 
ablation rates of Sample P8 are the highest. In 
summary, Sample P6 exhibits the highest ablation 
resistance. To determine the reason of high ablation 
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resistance for Sample P6, the micromorphology of 
its ablation cross section was analyzed. 

The surface morphologies of the ablated 
samples are shown in Fig. 10. As shown in 
Fig. 10(a), the surface of the ablated central area of 
 

 

Fig. 8 Macroscopic surfaces of ablated samples: (a) P6; 
(b) P8; (c) PT6 

 

 
Fig. 9 Mass and linear ablation rates of samples 

 

 
Fig. 10 Morphology of ablated surface of Sample P6: (a) Ablation center area (red rectangular area in Fig. 8(a));     
(b) Area C; (c) Area B; (d) Area A; (e) Ablation edge area (green rectangular area in Fig. 8(a)); (f) Area F; (g) Area E;  
(h) Area D 
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Sample P6 is a loose ZrO2 layer. A comparison of 
Figs. 10(b−d) reveals that the ablated central 
surface shows no noticeable change along the 
infiltration direction, and all the ablated samples are 
composed of loose ZrO2. Figures 10(b) shows that 
the surface of the ablation center Area I is mainly 
ZrO2, and many pores and cracks are present in the 
ZrO2 layer. The pores are caused by the release of 
gases, such as CO and CO2, during ablation. 
Figure 10(c) shows that the surface of Area II is 
mainly ZrO2−SiO2 solid solution, whereas Fig. 8(b) 
shows that MoO3 remains on the ablated surface. 
Figure 10(e) shows that the ablated edge region of 
the material is mainly composed of ZrO2, and some 
molten droplets are present in Areas I and II. The 
oxide layer in Area III is mainly SiO2, and the ZrO2 
content on the surface is lower than that in the other 
areas. The main reason for this phenomenon is that 
the SiO2 content in this area is low and cannot fill 
the pores and cracks in the ZrO2 layer over time. 
Therefore, ZrO2 is removed from the material 
surface under the action of shear force. As shown in 
Fig. 10(e), holes caused by the escape of gases, 
such as CO, CO2 and MoO3, appear in the molten 
droplets. Figure 10(g) shows that many pores and a 
few cracks are present on the ZrO2 surface layer. 
Figures 10(f) and (h) show that the bottom of the 
ZrO2 layer is mainly composed of a smooth and flat 
SiO2 layer. However, some holes are present in this 
layer. A comparison of the ablation center area with 
the ablation edge area reveals that the ablation edge 
area contains more droplets, and the SiO2 layer in 
the ablation edge area is smoother. The ablation 
center is the closest to the oxyacetylene flame, and 
the shear and impact forces are the greatest. The 
droplets flow off the surface of the material under 
the action of force, whereas the ablation edge is less 
affected by this force. Therefore, more droplets are 
present at the edge. 
3.3.2 Ablation mechanism 

A comprehensive analysis of the ablation 
center and ablation edge areas shows that the 
ablation surface morphology of the material varies 
along the infiltration direction. This is owing to the 
different contents and distributions of the ceramic 
phase along the infiltration direction. Area I in 
Fig. 1(a) has more SiC; however, the content of the 
SiMoZrC solid solution is relatively low. Therefore, 
high amounts of SiO2 and ZrO2 are produced when 
the ceramic phase reacts at a high temperature. The 

viscosity of SiO2 is low because of the high 
temperature used in this experiment. Therefore, it 
easily splashes off the sample surface under the 
shear force. Because of the low content of ZrO2, the 
pinning effect is limited. Finally, the ablated surface 
of the sample is composed primarily of ZrO2. In 
Area II in Fig. 1(a), the SiMoZrC content is higher 
than that in Area I in Fig. 1(a). However, the 
content of SiO2 is relatively low. The ZrO2 layer on 
the surface is continuous, indicating the formation 
of an effective ZrO2 oxygen barrier layer. In Area 
III, the sample surface is mainly composed of SiO2. 
 
4 Conclusions 

 
(1) Zr-based ultra-high-temperature composites 

were found to be gradient materials when the 
infiltrant was a powder, and the heights of the two 
samples of the Zr/Mo/Si layers were 6/4/12 mm and 
8/2/12 mm, respectively. However, the ceramic 
phase varied along the direction of infiltration. The 
SiMoZrC solid solution content in the first sample 
increased, whereas that in the second sample 
decreased. 

(2) A comparison of the samples infiltrated by 
the powder and the prepared tablet infiltrants 
revealed that altering the state of the infiltrant 
significantly changed the relative content of the 
ceramic phase. 

(3) An ablation experiment was conducted on 
the cross sections of the samples, and the 
anti-ablation results of different ceramic phases 
were observed under the same conditions. The 
results showed that the anti-ablation performance  
of Sample P6 was the best, and the mass and  
linear ablation rates are 5.26 mg/s and 2.63 μm/s, 
respectively. 
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摘  要：为了获得高性能 Zr 基超高温复合材料，利用反应熔渗工艺，通过改变原料的铺制方式得到 Zr 基超高温

梯度复合材料。研究原料的铺制方式对梯度 Zr 基超高温复合材料显微组织和烧蚀性能的影响。结果表明，当改

变熔渗原料的成分比例时，梯度 Zr 基超高温复合材料的梯度结构不同，当 Zr/Mo/Si 层厚度分别为 6/4/12 mm 和

8/2/12 mm 时，样品中 SiMoZrC 固溶体的含量沿着熔渗方向增加和减少。将梯度样品在 3000 ℃的氧乙炔火焰下

烧蚀 40 s，当样品的熔渗原料状态为粉末、Zr/Mo/Si 层厚度为 6/4/12 mm 时，材料的抗烧蚀性能最好。 

关键词：反应熔渗；陶瓷基复合材料；梯度材料；显微组织；烧蚀性能 
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