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Abstract: Design of experiment (DOE) was applied to determining the most important factors which influence ultimate tensile 
strength (UTS) of AA6061/SiC nanocomposites produced by friction stir processing (FSP). Effect of four factors, including 
rotational speed, transverse speed, tool penetration depth and pin profile, on UTS, was investigated. By Taguchi method, the 
optimum of process parameters were determined. Analysis of variance shows that the rotational speed is the most influential 
parameter. The statistical results depict that UTS for threaded pin is larger than that for square pin. Also, the higher the rotational 
speed and the lower the transverse speed, the higher the UTS. 
Key words: AA6061/SiC nanocomposites; Taguchi parametric design approach; friction stir processing; analysis of variance 
                                                                                                                                                                                                                         
 
 
1 Introduction 
 

Aluminum alloys are very promising for structural 
applications in aerospace, military, and transportation 
industries due to their low density, high specific strength 
and resistance to corrosion, and specially regarding high 
energy cost. In comparison with the unreinforced 
aluminum alloys, aluminum matrix composites 
reinforced with ceramic phases exhibit higher strength 
and stiffness, improved tribological characteristics, and 
increased resistance to creep and fatigue. The particulate 
composites with large ceramic particles are prone to 
cracking during mechanical loading, leading to 
premature failure and low ductility of the composites [1]. 
The mechanical properties of metal matrix composites 
(MMCs) can be further enhanced by decreasing the sizes 
of ceramic particulates and/or matrix grains from 
micrometer to nanometer level. MA et al [2] showed that 
the tensile strength of the 1% (volume fraction) Si3N4 (15 
nm)/Al composite is comparable to that of the 15% SiCp 
(3.5 μm)/Al composite, and that yield strength of the 
former is much higher than that of the latter. Also, 
KANG and CHAN [3] showed that after the addition of a 
small amount (~1%) of nano-particulate in the Al, the 
hardness of the metal was comparable to that of a 10% 

SiCp (13 μm)/Al. Use of nanoparticles to reinforce 
metallic materials has inspired considerable research 
interest in recent years because of the potential 
development of novel composites with unique 
mechanical and physical properties. 

To achieve desired mechanical properties of 
nano-composites, reinforcing nanoparticles must be 
distributed uniformly within metal matrix of the 
composites. However, homogeneous dispersion of 
ceramic nanoparticles in metals is difficult to achieve. 
Metal matrix nano composites (MMNCs) can be 
prepared by incorporating ex-situ ceramic nanoparticles 
into matrix via either powder metallurgy (PM) or liquid 
metallurgy route. For example, YANG et al [4] studied 
on bulk aluminum matrix nano-composite fabricated by 
ultrasonic dispersion of nano-sized SiC particles in 
molten aluminum alloy and reported the partial oxidation 
of SiC nanoparticles. KHADEM et al [5] and GU [6] 
successfully incorporated nanoscale SiC particulates in 
pure Al matrix using the mechanical milling process. For 
MMNCs prepared by liquid metallurgy route, the 
nanoparticles tend to agglomerate into coarse clusters 
and it is hard to avoid the interfacial reaction between 
reinforcement and metal-matrix and the formation of 
some detrimental phases. In PM technique consisting of 
conventional pressing and sintering, the mixing of 
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nano-sized ceramic particles is lengthy, expensive, and 
energy consuming. Also, the nano-sized reinforcements 
always prevent composites from densification. 

Currently, FSP has been used for producing Mg [7] 
and Al based nano-composites [8−10]. In contrast to PM 
and liquid metallurgy, the FSP provides the following 
advantages: 1) a solid state process to prevent problems 
associated with liquid metallurgy; 2) severe plastic 
deformation to promote mixing and refining of 
constituent phases in the material; and 3) hot 
consolidation to form fully dense solid. FSP was 
developed by MISHRA et al [11] based on the concept 
of friction stir welding (FSW). The basic concept of FSP 
is remarkably simple. A rotating tool with pin and 
shoulder is inserted in a single piece of material for 
microstructural modification and traversed along the 
desired line to cover the region of interest. Friction 
between the tool and workpieces results in localized 
heating that softens and plasticizes the workpiece. A 
volume of processed material is produced by movement 
of materials from the front of the pin to the back of the 
pin [11]. During this process, the material undergoes 
intense plastic deformation, which results in significant 
grain refinement [12]. 

Several researchers [11,13−16] reported that the 
processing parameters, namely, tool pin profile, tool 
rotation rate, traveling speed, and tool penetration depth, 
exhibited significant effects on the properties of MMCs. 
In order to study the effect of FSP process parameters, all 
workers follow the traditional experimental techniques, 
i.e., varying one parameter at a time while keeping others 
constant [13−19]. For example, AZIZIEH et al [14] 
studied the effect of rotation speed and probe profile on 
microstructure and hardness of AZ31/Al2O3 nano- 
composites. MAHMOUD et al [16] and KURT et al [15] 
investigated the effect of rotation speed and travelling 
speed on formation and obtained properties of Al/SiC 
composites. This conventional parametric design of 
experiment approach is time-consuming and calls for 
enormous resources. Hence efforts must be placed on 
developing effective, analytical methods to study FSP 
process. To study the effect of process parameters by 
limiting the number of experiments, using statistical 
methods, such as the Taguchi design of experiment 
approach, could be very useful [20]. 

In the present work, the DOE method was employed 
to investigate the effect of process parameters on the 
properties of MMNCs produced via FSP. In respect that, 
the Taguchi L16 method was adopted to analyze the 
effect of each processing parameters (i.e., pin profile, 
rotational speed, transverse speed, and tool penetration 
depth) for optimum tensile strength of AA6061/SiC 
nano-composites(ASNCs) produced by one FSP pass. 

 
2 Experimental 
 
2.1 Materials and methods 

Commercially available nano-sized SiC powders 
(99.5% purity and 50 nm average particle size) and 6061 
Al alloy in the form of rolled plate of 8 mm thickness 
were used as reinforcement particulates and substrate, 
respectively. The chemical composition of the base metal 
is presented in Table 1. The plates were cut into 
rectangular pieces of 220 mm×50 mm×8 mm. 
 
Table 1 Chemical composition of 6061 alloy (mass fraction, 
%) 

Mg Mn Fe Si Cu Al 

0.80 0.07 0.40 0.54 0.20 Bal. 

 
Non-consumable tools made of H-13 steel with two 

different pin profiles (threaded and square) were used to 
perform the FSP, while the shoulder diameter was 20 
mm and the probe length and diameter were 6 mm and 
7.8 mm, respectively. The shoulder tilt angle was fixed at 
3°. The reinforcement powder was packed in a groove of 
1 mm in width and 5.9 mm in depth cut from the 6061Al 
plate. In order to prevent sputtering of SiC powder and 
its ejection from groove during the process, groove’s gap 
initially was closed by means of a tool that only had 
shoulder and no pin. Single pass FSP was used to 
fabricate the ASNCs. After finalizing FSP, the ASNCs 
were machined to the required dimensions to prepare 
tensile specimens. An ASTM E8 guideline was followed 
for preparing the test specimens. Tensile tests were 
carried out using an Instron machine at a strain rate of 
5×10−3 s−1. Figure 1 shows position and dimensions of 
tensile specimen. Cross-sectional samples for 
microstructural examination were prepared following 
standard metallographic procedures and examined by an 
Olympus optical microscope, Phillips scanning electron 
 

 
Fig. 1 Position and dimensions of tensile specimen according 
to ASTM E8 (All dimensions are in mm) 
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microscope (SEM) and atomic force microscope (AFM) 
without etching. 
 
2.2 Experimental design for Taguchi method 

It has been clearly shown in Refs. [11,13−20] that 
FSP process parameters, such as pin profiles, rotational 
speed, transverse speed and tool penetration depth, 
significantly influence the process and play a major role 
in characteristic and mechanical properties of the studied 
material. Several investigations used square and threaded 
pin profiles [16,20−22], 800−1600 r/min for rotational 
speed [9,10,17,21,23], 40−160 mm/min for transverse 
speed [8−10,17,21,23] and 0.12−0.3 mm for tool 
penetration depth [13, 15]. 

Three four-level parameters (rotational speed, 
transverse speed, and tool penetration depth) and one 
two-level parameter (pin profile) were positioned as 
mixed L16 (26×43) orthogonal array design (Table 2). 
Tool penetration depth was considered from the first 
contact point of the tool shoulder and work piece surface. 
It should be mentioned that only the main factor effects 
are taken into consideration and not the interactions. 

A total of 16 runs were conducted, using the 
combination of levels for each process parameters. As 
compared to conventional full factorial experiment 
design, by using Taguchi method 112 FSP runs can be 
eliminated, resulting in great advantages in terms of time 
and cost. The analyses were carried out using 
MINITAB15 statistical software. 

 
Table 2 Basic Taguchi L16 orthogonal array 

Run RS/ 
(r·min−1) 

TS/ 
(mm·min−1) TPD/mm PP 

1 800 40 0.12 Square 

2 800 80 0.18 Square 

3 800 125 0.24 Threaded

4 800 160 0.3 Threaded

5 1000 40 0.18 Threaded

6 1000 80 0.12 Threaded

7 1000 125 0.3 Square 

8 1000 160 0.24 Square 

9 1250 40 0.24 Square 

10 1250 80 0.3 Square 

11 1250 125 0.12 Threaded

12 1250 160 0.18 Threaded

13 1600 40 0.3 Threaded

14 1600 80 0.24 Threaded

15 1600 125 0.18 Square 

16 1600 160 0.12 Square 
RS—Rotational speed; TS—Transverse speed; TPD—Tool penetration 
depth; PP—Pin profile. 

 
3 Results and discussion 
 
3.1 Statistical analysis 

In order to optimize FSP process parameters, the 
tensile strength was analyzed. To assess the influence of 
factors on the response, the means and S/N ratios for 
each control factor can be calculated. In this study, the 
S/N ratio was chosen according to the criterion of the 
larger-the-better, in order to maximize the response. The 
S/N ratio is calculated using the larger-the-better 
criterion and is given by [20]: 
 

2
1 1S/N ratio 10lg( )
n y

= − ∑                     (1) 

 
where y is the observed data and n is the number of 
observations. The obtained tensile strengths were 
converted into mean and S/N ratio. The experimental 
results and calculated mean and S/N ratio values are 
tabulated in Table 3. The calculated mean response and 
S/N ratio of tensile strength for each parameter for all 
levels are listed in Table 4. 
 
Table 3 Experimental results and calculated mean and S/N 
ratio 

Tensile strength/MPa 
Run 

Replicate 1 Replicate 2 Mean 
S/N ratio

1 90.2 85.5 87.85 38.86291

2 71.2 70.0 70.60 36.97506

3 66.7 65.4 66.05 36.40082

4 70.2 72.1 71.15 37.04118

5 141.2 133.4 137.30 42.74134

6 117.5 107.4 112.45 40.99399

7 88.7 80.8 84.75 38.53684

8 69.6 64.1 66.85 36.47459

9 105.6 99.1 102.35 40.18847

10 114.4 106.9 110.65 40.86395

11 112.7 103.1 107.90 40.63453

12 93.1 92.8 92.95 39.36543

13 158.4 149.0 153.70 43.71846

14 125.2 122.1 123.65 41.84006

15 111.9 105.4 108.65 40.70798

16 94.3 93.4 93.85 39.44423

 
Response optimization helps to identify the 

combination of input variable settings that jointly 
optimize a single response or a set of responses. Based 
on the highest values of the S/N ratio and mean levels 
(Table 4), it can be inferred that higher tensile strength 
could be obtained when the rotational speed and tool 
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penetration depth are high, transverse speed is low and 
pin profile is threaded. The optimum level setting was 
obtained at 1600 r/min of rotational speed (level 4), 40 
mm/min of transverse speed (level 1), 0.30 mm of tool 
penetration depth (level 4), and threaded pin profile 
(level 2). 

After the optimum condition was determined, the 
optimum performance of the response under the 
optimum condition was predicted. The optimum value of 
the response characteristic is estimated as follows [20]: 

α RS4( )T T
N N

σ= + − +  

TS1 TPD4 PP2( ) ( ) ( )T T T
N N N

σ σ σ− + − + −          (2) 

where σ is the tensile strength; T is the overall mean of 
tensile strength; RS4σ  is the average tensile strength at 
the fourth level of rotational speed (1600 r/min); TS1σ  
is the average tensile strength at the first level of 
transverse speed (40 mm/min); TPD4σ  is the average 
tensile strength at the fourth level of tool penetration 
depth (0.3 mm); PP2σ  is the average tensile strength at 
the second level of pin profile (threaded). Substituting 

the values of various terms in Eq. (2) gives: 
 
σ=99.42+20.54+20.88+5.64+8.73=155.21 MPa 
 

The final step in the DOE approach is to conduct 
confirmation experiments for the optimal parameters 
determined. As explained above, the optimum design 
was determined to be 4SR  1ST  4DTP  2PP . It must 
be noted that the above combination of factor levels is 
among the sixteen combinations tested for the 
experiment and the average tensile strength of ASNCs 
was found to be 153.7 MPa. There is a good agreement 
between the predicted (155.21 MPa) and actual (153.7 
MPa) values. 

The main purpose of the ANOVA is the application 
of a statistical method to identify the effect of individual 
factors on the process response. Results from ANOVA 
can determine very clearly the impact of each factor on 
tensile strength. The ANOVA table for both mean and 
S/N ratio is calculated and listed in Tables 5 and 6. In 
addition, the F test was used to determine which process 
parameters have a significant effect on tensile strength. 
Larger F value indicates that variation of the process 
parameter  makes a considerable change on the  

 
Table 4 Main effects of process parameters (means and S/N ratio) 

Mean S/N ratio 
Level 

RS/(r·min−1) TS/(mm·min−1) TPD/mm PP RS/(r·min−1) TS/(mm·min−1) TPD/mm PP 

L1 73.92 120.27 100.50 90.68 37.32 41.38 39.98 39.01

L2 100.33 104.33 102.37 108.14 39.69 40.17 39.95 40.34

L3 103.46 91.85 89.72 − 40.26 39.07 38.73 − 

L4 119.93 81.18 105.05 − 41.43 38.08 40.04 − 

Maximum−minimum 46.01 39.09 15.33 17.46 4.11 3.3 1.31 1.33

 
Table 5 Analysis of variance for means 

Source DF Seq SS Adj SS Adj MS SS′ F P Contribution/% 
RS 3 4353.09 4353.09 1451.03 4216.53 53.13 0.000 43.70 
TS 3 3396.13 3396.13 1132.04 3259.57 41.45 0.001 33.79 

TPD 3 543.03 543.03 181.01 406.47 6.63 0.034 4.21 
PP 1 1219.06 1219.06 1219.06 1082.5 44.64 0.001 11.22 

Error 5 136.56 136.56 27.31 682.8   7.08 
Total 15 9647.86      100.00 

 
Table 6 Analysis of variance for S/N ratio 

Source DF Seq SS Adj SS Adj MS SS′ F P Contribution/% 
RS 3 35.8558 35.8558 11.9519 34.7134 52.31 0.000 47.46 
TS 3 24.1940 24.1940 8.0647 23.0516 35.30 0.001 31.52 

TPD 3 4.8143 4.8143 1.6048 3.6719 7.02 0.030 5.02 
PP 1 7.1313 7.1313 7.1313 5.9889 31.21 0.003 8.19 

Error 5 1.1424 1.1424 0.2285 5.712   7.81 
Total 15 73.1378      100.00 

DF—Degree of freedom; Seq SS—Sequential sum of squares; Adj SS—Adjusted sum of square; Adj MS—Adjusted mean square; SS′—Pure sum of squares; F
—Fisher ratio; P—Probability that exceeds the 95 % confidence level. 
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performance characteristics. The results of ANOVA 
indicate that the rotational speed has the highest effect on 
the strength followed by the transverse speed, pin profile, 
and tool penetration depth, respectively. Furthermore, the 
F test justifies that rotational speed has statistically 
significant influence on the strength. 

The Taguchi experimental method could not judge 
the effect of individual parameters on the entire process, 
thus the percentage of contribution using ANOVA is 
used to compensate for this effect. Percent contribution 
indicates the relative power of a factor to reduce 
variation. For a factor with a high percent contribution, a 
small variation will have a great influence on the 
performance. The percentage of contribution (fi) is a 
function of the sum of squares for each significant item 
and can be calculated as [24]: 
 

totalSeqSS
SS

if
if

′
=                               (3) 

 
where fi is the ith factor; 

ifSS ′  is the pure sum of 
squares for fi; and totalSeqSS  is the total mean of 
sequential sum of squares. Based on the results presented 
in Tables 5 and 6, the rotational speed is found to be the 
most influential process parameter with 43.70% 
contribution followed by transverse speed (33.79%), pin 
profile (11.22%), and tool penetration depth (4.21%), 
respectively, as this apportionment shown in Fig. 2. 
MAHMOUD et al [16] studied the formation of SiC 
particle reinforced composite on aluminium surface by 
FSP and they found that the rotational speed was the 
main parameter affecting the distribution of the SiC 
particles. 
 

 
Fig. 2 Contribution of process parameters (means) 
 
3.2 Microstructure and tensile strength 

The results of tensile tests conducted on ASNCs 
under various conditions of process parameters are listed 
in Table 3. For a given process parameter combination, 
significant differences, ranging from 66.05 MPa to 153.7 
MPa, were observed in UTS, indicating that the process 
parameters have a strong effect (more than 2.3 times) on 

the strength. Among the 16 samples examined, samples 3 
(800 r/min, 125 mm/min, 0.24 mm, and threaded) and 13 
(1600 r/min, 40 mm/min, 0.30 mm, and threaded) 
showed the lowest (66.05 MPa) and highest (153.7 MPa) 
UTS, respectively. It is worthy to note that the tensile 
strength of sample 13 is higher than that for the as-rolled 
AA 6061(Annealed) alloy (125 MPa) [25]. This might be 
attributed to the strengthening mechanisms involving in 
the friction stir processed specimens such as Orowan [10, 
26], enhanced dislocation density in matrix induced by 
the thermal mismatch between the matrix and the 
reinforcement particles [27], and grain refinement [10, 
26, 28]. Similar results were observed by HU et al [29] 
and BAURI et al [28]. 

Macroscopic appearances of samples 3 and 13 are 
shown in Fig. 3. There are no voids and cracks in the 
cross section of both samples, indicating that the selected 
combination of process variables according to the 
previous work [13] is within the accepted range. It is 
apparent that the powder distribution in the stir zone of 
sample 13 is more wide and uniform than that for sample 
3. Although in both samples, some unmixed SiC 
powders were observed inside the FSP processed zone, 
the amount of unmixed powders is lower in sample 13 
seemingly due to application of one process pass, similar 
to the results reported by YANG et al [19]. Microscopic 
examinations (Fig. 4) reveal that the process variables 
have significant effects on the formation of composite 
zone. For sample 13 (Fig. 4(a)), the material flow and the 
onion ring [30] could be easily observed by the SiC 
 

 

Fig. 3 Optical macroscopic appearances of cross sections: (a) 
Sample 13; (b) Sample 3 
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Fig. 4 Optical microstructures of center of stir zone: (a) Sample 
13; (b) Sample 3 
 
dispersion. There are a few regions which include the 
aggregated nano-sized particles; however, a good 
dispersion of 4% SiC particles, is confirmed by SEM 
(Fig. 5(a)) and AFM micrographs (Fig. 5(b)). For the 
sample 3 (Fig. 4(b)), the onion ring is not observed and 
the stir zone includes bands of unmixed powder, 
non-reinforced matrix (base alloy), and reinforced matrix. 
The better microstructure characteristic of sample 13 
might be attributed to more vigorous stirring action 
during the FSP due to better combinations of process 
parameters. In comparison to sample 3, sample 13 has 
experienced more tool rotational speed, less transverse 
speed, and more penetration depth during FSP, giving 
more time to stirring action, although the effect of the 
third parameters is less than the other two (i.e., 4.21% 
compare to 43.70% and 33.79% according to ANOVA, 
Table 6). Close relation between the formation of onion 
ring (composite zone) and the process parameters in the 
fullerene/A5083 composites fabricated by FSP was 
reported by MORUISADA et al [9]. Although Taguchi 
method predicted the optimized condition for producing 
ASNCs (section 3.1), observing some unmixed powders 
(Fig. 3(a)) together with aggregated particles in the stir 
zone (Fig. 4(a)) concludes that one pass FSP is 
insufficient. These results are in accordance to the 
pervious results [19,31]. 

It is clear from Figs. 6(a) and 6(b), as the rotational  

 

 
Fig. 5 SEM (a) and AFM (b) images of ASNCs (sample 13) 
showing a good dispersion of SiC in matrix 
 
speed increases, the tensile strength will increase and 
decrease with increase in transverse speed. Other 
researchers have made similar observations 
[8,9,15,23,32]. The dispersion morphology could be 
controlled by the rotational speed/traverse speed (RS/TS) 
ratio. The higher the RS/TS ratio, the higher the heat 
input, inflicting more softening in the process zone that 
results in an easier stirring action of the tool pin. More 
intense stirring action causes better particle distribution 
and smaller particle cluster size (Figs. 3 and 4), which 
results in superior obtained properties. Consequently, 
higher tensile strength of the ASNCs fabricated with 
higher RS or lower TS is justified. 

The ASNCs fabricated using the threaded pin 
profile has higher tensile strength compared to that made 
using square pin profile (Fig. 6(c)). It has been shown 
that a composite zone can be formed in the process zone 
during the FSP [9,16,19]. The most important part of the 
tool is the pin, which plays a crucial role in material flow 
and mixing [33−36] especially on the lower two thirds of 
the stir zone [37]. In polygonal profiled pin, the pin 
bottom area of the tool is smaller than that of the 
cylindrical pin. Additionally, the frictional area between 
the pin side and the stirring material is limited to near 
sharp edges, which is very smaller than that of the 
column probe. Since larger frictional area will generate 
larger amount of friction heat, the friction heat generated 
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Fig. 6 Effect of process variables on tensile strength: (a) Mean 
tensile strength vs rotational speed; (b) Mean tensile strength vs 
transverse speed; (c) Mean tensile strength vs pin profile 
 
by the polygonal probe should be smaller than that by the 
cylindrical pins. Therefore, the bottom surface 
temperature is always lower than the others, which 
produces an unsuitable viscosity in the process zone 
matrix for dispersion of the particles due to lack of heat 
in the stir zone. FUJII et al [38] reported that under the 
same process parameter on the bottom surface, the peak 
temperature for the triangular prism tool is lower than 
that for the cylindrical pin tool on FSW of 1050-H24 

aluminium alloy. On the other hand, the screw thread on 
the pin drives the vertical material flow in the stir zone; 
the material is pushed downward near the pin by the 
thread washes and moves upward to the top of the stir 
zone to complete the circulation. This circulation 
probably helps the mixing of material in the vertical 
direction [30,39,40]. Enhanced particle distribution by 
using a threaded pin in AZ31/Al2O3 nano-composites 
fabricated by FSP was also reported by AZIZIEH et al 
[14]. 

Finally, based on the present ANOVA results 
(Tables 5 and 6), it may be concluded that, the 
contribution of the tool penetration depth, within the 
factor range selected in this study, is insignificant (i.e., 
4.21%) in comparison with three other variables (i.e., 
rotational speed of 43.70%, transverse speed of 33.79%, 
and pin profile of 11.22%), where the error of ANOVA 
in this study is 7.08%. 
 
5 Conclusions 
 

1) The L16 Taguchi orthogonal designed 
experiments of FSP on ASNCs were successfully 
conducted and the process parameters have a critical role 
in the quality of the obtained composites. 

2) The FSP process parameters were optimized to 
maximize the tensile strength of ASNCs. The optimum 
condition of the rotational speed, transverse speed, tool 
penetration depth, and pin profile were found to be 1600 
r/min, 40 mm/min, 0.30 mm and threaded type, 
respectively. 

3) The rotational speed is found to be the most 
influential process parameter with 43.70% contribution 
followed by transverse speed (33.79%), pin profile 
(11.22%), and tool penetration depth (4.21%), 
respectively. 

4) The prediction of the Taguchi design approach 
was in good agreement with the experimental result. 

5) ASNCs with a higher tensile strength were 
obtained for threaded pin at a higher rotational speed and 
tool penetration depth and lower transverse speed. 
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摘  要：采用搅拌摩擦技术制备 AA6061/SiC 纳米复合材料，并用实验设计方法来确定影响 AA6061/SiC 复合材

料极限拉伸强度的重要因素，包括 4 种因素，即旋转速度、横向速度、切削深度、搅拌头形状。运用 Taguchi 方

法, 得到优化的工艺参数。方差分析表明，旋转速度是最主要的影响因素。统计分析结果表明，采用带螺纹的搅

拌头得到的复合材料的极限拉伸强度比采用方型搅拌头的高。搅拌头的旋转速度越快、横向速度越慢，则复合材

料的极限拉伸强度越高。 
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