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ABSTRACT 
An investigation is conducted to produce an aluminium based Metal Matrix Composite (MMC) spur gear reinforced by 35μm 

Silicon Carbide (SiC) ceramic particle. Static stress analysis, contact stress analysis and modal analysis are performed for the 3-D 

model using finite element procedure. The face width of the Al-SiCcomposite gear is designed based on factor of safety and 

displacement. Performance of the Al-SiCp composite gear of various face width is compared with that of the conventional steel 

gear.The aim of the present study is to focus on the reduction of the weight of the gear. The gear blank is manufactured using stir 

casting process followed by turning and hobbing for teeth formation. The gear is subjected to minimum tooth breakage strength 

test. Numerical stress results are validated by the experimental result. It is concluded from the analysis that Al-SiCp composite gear 

is suitable for making power transmission gears to transmit fairly large amount of power. 

 

KEYWORDS:  Stir Casting process, Aluminium Silicon Carbide Gear,Stress Analysis,Modal Analysis, Weight Reduction, 

Minimum tooth breakage strength. 
 

INTRODUCTION 
 
Various components used in aircraft engines, automotive industries and electronic industries have been 

made of metal matrix composite (MMC) material due to their advantages such as high strength to weight ratio, 
improved mechanical and physical properties. Gears are most widely used as the mechanical elements of power 
transmission. Generally AGMA(American Gear Manufacturers Association) standards are used as the strength 
standard for the design of gears [1,2,11].Metal matrix composites (MMCs) have advantages in structural 
applications of aircraft and spacecraft; however, their use is hard to justify in more conventional applications. 
This is due to the fact that the technology of MMCs is still immature compared withthat of polymer based 
composites and hence many problems occur when using MMCs instead of conventional material which is to be 
solved. One more reason is that these materials are costly compared to conventional ones.Comparison of raw 
materials alone does not make good sense. The cost function performed in total by a given component of 
subsystem must be considered.MMCs are finding numerous applications such as automotive disk brake rotors, 
cylinder liners, drive shafts, pistons, brake callipers, bicycle sprockets, uppercontrol arm and electronic 
packages [2]. 

One of the applications which may be thought of is power transmission gear. Ganesan and Vijayarangan 
presented in the study that the maximum normal stress in the fibre direction in MMC gears is a little more than 
the maximum stress in a mild steel gear. The displacements in the radial and tangential directions of MMC gear 
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are little more than the mild steel gear. For MMC material gears, the maximum stress decreases slightly with 
decreasing rim thickness[3]. Radinko and Jeremijastated that the characteristics such as surface fatigue limit, 
root bending fatigue limit, wear resistance and machinability were considered for design and material selection 
of the gear[4]. Here an attempt has been made to study and compare the performance of power transmission 
gears made of Al-SiCp with that of the conventional steel gears.  

Aluminium alloy 6061 discontinuously reinforced with silicon carbide particulates (SiCp) has 35μm by 10% 
weight fraction used for making MMC gear.Yu Xiao et al presented the effect of particle size of SiCp in Al-SiCp 

MMC with high volume fraction of SiCp .Their result shows that with the decreasing of particle size, the 
bending strength of the composites increases, while the fracture toughness of the composites decreases[5].The 
properties of Al-SiCp (10% SiCp) are listed in the Table 1.  

Subrata Kumar Ghosh investigated that there has been no improvement of wear resistance after 20% 
reinforcement of SiCp[6]. Suresha and Sridharain their experimental studies reported that use of graphite (Gr) 
reinforcement in aluminium matrix composites is beneficial in reducing wear due to its solid lubricant property, 
but it results in reduction of mechanical strength. Additions of silicon carbide (SiCp), on the other hand, 
improve both strength and wear resistance of composites. Thus, higher amount of SiCp than graphite can be 
advantageously used to overcome the problem of strength, thereby increasing the strength and wear resistance 
sustaining the solid lubricant property[7]. Sun Zhiqiang et al.indicated that the weight loss of Al-SiCpcomposite 
in dry sliding were lower than that of the aluminium alloy[8]. Atanasovska et al. presented that thestress analysis 
for gear teeth is regarded as a limiting factor for designers. Stress analysis focuses on the determination of the 
regions of stress concentration where failure or fracture may be initiated[9]. Ali Kalkanli and 
SenserYilmazfound from their experimental investigation thatthe flexural strength increased by increasing 
reinforcement content up to 10 wt% silicon carbide[10].Hemath Kumar et al. presented that the wear resistance 
of Al-SiCpcomposites decreases with increase in abrasive grit size [12]. Seok-Chul Hwang et al.made 
investigation on contact stress analysis of spur and helical gear. They reported the comparison between finite 
element approach and AGMA standard on contact stress analysis[13]. Ali Raad Hassan et al.stated that dynamic 
bending stress is directly proportional to rotational speed of the gears using dynamic analysis with two 
dimensional finite element model [14]. 

The present work concentrates on variation of the bending stress and deformation in both conventional steel 
gear and Al-SiCp composite gear, based on which the composite gear face width is designed. The three 
dimensional static stress analysis has done and it is compared with the results given by AGMA procedure. The 
same has been validated with the experimental results given by minimum tooth breakage strength test. Contact 
stress for the composite gear was investigated using finite element method, then it is compared with AGMA 
standards and the same is checked with wear strength of the gear tooth by Bukingham equation. Comparison of 
modal analysis for conventional steel gear and composite gear is also performed. 

 
Table 1: Material properties 

Property Steel C45 Al-SiCp 
(10% SiCp) 

Young’s modulus, MPa 2.05x105 2 x105 
Poisson ratio 0.29 0.3 
Yield Strength, MPa 360 430 
Density, kg/m3 7850 2900 

 
2.Finite Element Modelling of Gear: 

Since the three dimensions, namely the tooth height, tooth thickness and the tooth face width of the gear 
tooth, in three mutually perpendicular directions are comparable with each other, it’s more appropriate to use the 
3D model. Table 2 shows the parameters used for the gear and gear tooth sector. The profile of the gear tooth 
sector is developed using Solid works.  

The element type “Solid tetrahedral 10 nodes 187” is chosen and mesh refinement at the root section is 
chosen to get better results of root stresses. Tangential force (Ft) of 2406 N calculated from the transmitted 
power of 7.3 kW is uniformly distributed over the entire width of the top land of the tooth. The single gear tooth 
is shown in Figure 1. The entire load is assumed to act on single tooth for static stress analysis, where as in 
contact stress analysis, all the teeth in contact are considered. Table 3 gives the nomenclature used in this work. 
 
3. Gear Design Based on AGMA Procedure: 

According to Lewis equation, the beam strength of spur gear tooth is given by 
 W� = �σ��bπmy = 8915.84 N                     (1) 

 
Allowable stress value [σb] is taken as 143.33 MPa considering the factor of safety for cast manufacturing 

as 3, since yield stress is 430 MPa for Al-SiCp.  
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 Taken y = 0.495.The tangential force acting Ft = 2406 N  
 Since, Wt> Ft, our design is safe. 
 

Table 2: Gear parameters 
Parameter units value 
Pressure angle, αo degree 20 
Module, m mm 2 
Number of teeth , z1/z2  53/132 
Addendum mm 2 
Dedendum mm 2.5 
Root fillet radius mm 0.8 
Rim thickness mm 1 
Tooth thickness mm 3.1416 
Face width, b mm 20 
Working depth mm 4 
Total depth mm 4.5 
Centre distance, a mm 186 
Pitch circle diameter, D mm 106 
Operating speed, N rpm 720 
Addendumdiameter da1/da2 mm 110/275 
Base circle diameter db1/db2 mm 101/266 

 

 
 

Fig. 1: Applied boundary condition 
 
When the power is transmitted through gears, apart from static load produced by the power, some dynamic 

loads are also applied on the gear tooth due to reasons like inaccuracies of tooth profiles and deflections of tooth 
under load. Considering the above conditions, the maximum load acting on the gear tooth is given by 

 
Table 3: Nomenclature 

Wt Beam strength, N 
Ft Steady load due to transmitted torque, N 
FD Total dynamic load, N 
FI Incremental load due to dynamic action, N 
V Pitch line velocity, m/s 
C Deformation factor, N/mm 
Fw Limiting load for wear, N 
Q Ratio factor 
i Gear ratio 
σH Contact stress, MPa 
Ko Overload factor 
Kv Dynamic factor 
Ks Size factor 
ZE Elastic coefficient, MPa 
KH Load distribution factor 
EP Young’s modulus for pinion, MPa 
EG Young’s modulus for gear, MPa 
e Tooth error depending on the module , mm 
[σb] Allowable stress, MPa 
y Form factor 
ZI Geometry factor for pitting resistance 
k Factor depending on the form of teeth 
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K Load stress factor, MPa 
Ka Application factor 
Pd Diametral pitch 
σb Maximum bending stress(AGMA), MPa 
b Face width 
f Frequency 
d Deformation 

 
FD = Ft + FI             (2) 

 

where,       F� =  21 V( b C + F�) (21 V + �b C + F�⁄  ) 

 C = k e � 1
E + 1

E!"#  

 
Both the pinion and gear are made of same material (Al-SiCp). 
C = 277 N/mm; 
k = 0.111;  
e = 0.025 mm; 
V= π D N/60= 3.996 m/s 
FD = 6257.6 N 
Since, Wt> FD, our design is safe. 
One of the most predominant gear failures is the failure of gear tooth due to pitting. This pitting failure 

occurs when the contact stresses between the two meshing teeth exceed the surface endurance strength of the 
material. In order to avoid this type of failure, the proportions of gear tooth and the surface properties such as 
surface hardness should be selected in such a way that the wear strength of the gear tooth is more than the 
effective load between the meshing teeth. Buckingham equation for wear strength of gear tooth is given by 

 F$ = D b Q k = 7664.58 N                  (3)  
k = 2.53 N/mm2 Q =  2i (i + 1)⁄ = 1.429 
 
Since, Fw> FD& Fw> FD, our design is safe. 
From the above it is clear that the beam strength of the gear tooth is higher than the wear strength, 

maximum dynamic load and the tangential load acting. 
 
Contact stress based on AGMA standard is given by 

σ* =  Z,-F� K/K0 K1 2K* 2 r b Z4# 5               (4)  

 K/ = 1; K0 = 1; K1 = 1  K* = 1; Z� = 0.115; Z, = 187 MPa 
σ* = 587.45 MPa  

 
4.Finite Element Analysis: 
4.1.Static stress analysis: 

A gear tooth shown in Figure.1 is used for the static stress analysis, with a rim thickness 1 mm. Static stress 
analysis of steel (C 45) and aluminium silicon carbide (Al-SiCp) gear are performed and their bending stress and 
total deformation are obtained. 
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Fig. 2: Bending stress for 20 mm face width gear tooth 
Figure.2 shows the variation of bending stress for both steel and   Al-SiCp gear of 20 mm face width. 

Maximum bending stress is found to be at the root region. The stress distribution shows combination of tensile 
and compressive stress, these tensile stresses are the main cause of crack failure, if they are greater than the 
strength of the tooth. Due to this, usually cracks start from the tensile side. Figure 3 and 4 show the variation of 
deformation for steel and Al-SiCp gear of 20 mm face width respectively. Maximum deflection is found to be at 
the tip of the tooth. 

 
4.1.1.Face width design based on FOS:   

The lowest factor of safety (FOS) in the steel gear is found to be 3.17, in the root region, where as in the Al-
SiCp gear it is found to be 3.78 for the same value of load applied as discussed in the modelling part. In order to 
reduce the weight of theAl-SiCp gear, the corresponding face width is designed for 3.17 factor of safety as 
18.1mm using Solidworks. The weight reduction is obtained as 68%. Thus Al-SiCp gear tooth of 18.1 mm face 
width is sufficient to take up the same tangential load of 2406 N, which the steel tooth of 20 mm width can take 
up. Figure 5 & 6 showsbending stress and deformation results for 18.1 mm face width Al-SiCpgear tooth. 

 

 
Fig. 3: Deformed model of steel gear tooth of 20 mm face width 

 
4.1.2. Face width design based on displacement:  

The deformed model of 20 mm face width of steel gear and Al-SiCp, which has 8.2μm and 8.6μm 
respectively is considered. The lowest displacement is considered for face width calculation. Al-SiCp gear tooth 
of 21 mm face width is designed to have the maximum displacement as that of the steel gear tooth of 20 mm 
face width.  Figure 7 and 8 gives the bending stress and deformation results of 21mm face width Al-SiCp gear. 

 

 
 

Fig. 4: Deformed model of Al-SiCp gear tooth of 20 mm face width 
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Fig. 5: Bending stress for Al-SiCp gear tooth of 18.1 mm face width 

 

 
Fig. 6: Deformed model of Al-SiCp gear tooth of 18.1 mm face width 

 
The FOS constraint (3.17) set in Solidworks to obtain  Al-SiCp gear tooth of 18.1 mm is cross checked by 

comparing the induced stress value (135.59 MPa) with the yield strength of the Al-SiCpmaterial. 
 

 
Fig. 7: Bending stress for Al-SiCp gear tooth of 21 mm face width 
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Fig. 8: Deformed model of Al-SiCp gear tooth of 21 mm face width 
 

4.2. Contact stress analysis: 
The contact ratio (εα) of the spur gear is calculated through the equation (5). 

εα = �0.5 ;-d=4> − d�4> + -d=>> − d�>>@ − a$ ×  sinα� m π cosα#  

                      (5) 
εα = 1.77 

 
Since the calculated contact ratio is 1.77, the one spur gear tooth has full contact and adjacent tooth has 

77% contacts. The finite element model is constrained as shown in Figure. 9. 
Cylindrical support (axial- fixed, radial- fixed, tangential- free) is given to the pinion in order to make the 

pinion rotate freely about the X axis. The gear is fixed by the fixed support in the bore region and additional 
compression support at the 

 

 
Fig. 9: Contact stress analysis model 

 
keyway face. Friction less surface-to-surface contact of flexible bodies is used. Target 170, Conta 174 

elements are used for target (gear) and contact (pinion) surfaces respectively. Contact stress analysis for Al-SiCp 
gear of 20 mm face width is carried out and the maximum value of contact stress is observed at the lowest point 
of contact and tip as shown in Figure. 10. The contact stress results for various face width Al-SiCp gear are 
tabulated in Table 4. 

 
Table 4: Comparisons of contact stress results 

Material steel Al-SiCp 
b (mm) 20 20 18.1 21 

Mode 
f 
Hz 

d 
mm 

f 
Hz 

d mm f 
Hz 

d mm f 
Hz 

d mm 

1 223.71 1.26 363.9 2.07 348.05 2.02 378.36 2.182 
2 247.71 2.75 402.12 4.53 384.48 4.38 417.7 4.858 
3 276.16 2.04 451.22 3.35 427.58 3.62 471.66 3.56 
4 297.71 2.44 482.71 4.07 456.5 3.94 504.65 4.31 
5 302.06 2.18 489.47 3.6 462.67 3.49 511.99 3.8 
6 417.72 1.44 677.72 2.38 686.28 2.32 685.82 2.5 
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4.3.Modal analysis: 
Modal analysis is used to determine the vibration characteristics (natural frequency and mode shapes) of the 

gear structure. The pinion alone is considered with the same supports as given in contact analysis. Considering 
the first six modes, the modal analysis results for Al-SiCp gear of 18.1 mm,20mm and 21mm  face width and 
steel gear of 20 mm face width are carried out, The two modal deformation of Al-SiCpgear of 20 mm face width 
is shown in Figure. 11. and remaining results obtained from modal analysis are shown  in Table 5. 

 

 
 

Fig. 10: Contact stress for Al-SiCp gear of 20 mm face width. 
 

Table 5: Comparison of modal analysis results 
Face width mm σH (ANSYS) 

MPa 
σH (AGMA) 
MPa 

% error 

20 574.2 587.45 2.2 
18.1 586.96 617.51 4.9 
21 552.74 573.29 3.5 

 
5. Gear Manufacturing and Testing: 

Stir casting technique is used to cast the gear blank. The matrix phase, Aluminium 6061 is melted in 
induction furnace at the temperature of 750°C, 10 % SiCp by weight fraction and  is preheated at a temperature 
of 100°C for one hour and the same is maintained at 300˚C for another two hours. When aluminium is melted 
completely, the preheated reinforcement is added slowly and stirred simultaneously. The stirrer motor is 
maintained at 700 rpm. The casting set up is shown in Figure.12. 

 

 
 

Fig. 11: Modal results for Al-SiCp gear of 20 mm face width 
 



149     V. Vijayakumar and M. Senthil Kumar., 2016/ Advances in Natural and Applied Sciences. 10(7) Special 2016, Pages:  

              141-153 

 

 

 
 

Fig. 12: Stir casting 
 
Stirring is continued for 20 minutes even after the addition of reinforcement phase. Finally, the melt 

containing 90 % aluminium and 10 % SiCp is cast into a cylindrical blank. Then gear is made out by turning 
followed by hobbing process. The Figure.13 shows the manufactured composite gear.  

It is not possible to measure the tensile strength of the gear directly and it is appropriate to establish a 
minimum tooth breakage strength that can be used as acceptance criteria. 

This test is performed in universal testing machine to check at which load the tooth breaks. The critical area 
is the root, so the stress induced at the root is very much higher. The fixture is prepared to rest the gear as shown 
in Figure. 14. 

Two opposite teeth are used to rest. When a compression load is applied on the gear from the top, the two 
equal split up of the reaction forces developed in the resting face of the tooth acts as tangential load to the tooth. 

The test is run for two trials. The minimum tooth breaking load per gear tooth, obtained from the test is 
7200 N. From equation (1), the allowable bending stress value from the experimental testing is 115.75 MPa, 
which is similar to the stress value (113.15 MPa) obtained from ANSYS results, the error in ANSYS result is 
2.2 %. 

 

 
 

Fig. 13: Al-SiCp composite gear 
 

 
 

Fig. 14: Gear rested in fixture 
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RESULTS AND DISCUSSION 
 
The bending stress values varying from tip to root of the tooth for 20 mm face width steel gear and 18.1 

mm, 20 mm, 21 mm face width Al-SiCpgears are shown in Figure. 15&16 respectively. The stress value drops 
very gradually from the tip to the depth of 3.5 mm. Further, there is a steep increase in value of stress till the 
total tooth depth of 4.5 mm is reached. The stress values are found to be maximum at the root region. Maximum 
value of bending stress for 20 mm face width Al-SiCp and steel gear is 113.15 MPa. Maximum value of bending 
stress in 18.1 mm and 21 mm face width Al-SiCp gears is 135.4 MPa and 105.5 MPa respectively. The stress 
variations for steel and composite gear are similar. 

The bending stresses obtained from the analysis of the three-dimensional model using ANSYS is compared 
with the calculated values from the standard recommended by AGMA. The modified Lewis equation suggested 
by AGMA is used to get the corresponding results. 

 

σ� = FG  HIJ IK IL
� M IN                    (6) 

 

 
 

Fig. 15: Stress variation for steel tooth of 20mm face width 
 
In this calculation, except the form factor (y) all other coefficients (Ka, Ks, Km& K v) are taken as unity, 

geometric parameters of the gear and the applied load are assumed to be constant.  
Spur gear has pitch radius of 106 mm and a pressure angle of 20°. The transmitted load is 2406 N. From 

equation (6), the maximum bending stress by AGMA standard is calculated for gears with constant number of 
teeth and various face width. 

 

 
Fig. 16: Stress variation for Al-SiCp gear tooth 

 
Similarly, the maximum bending stress is calculated for various face widths of 18.1 mm and 21 mm and 

tabulated in Table 6. 
 

Table 6: Comparisons of maximum bending stresses 
Face width 
 mm 

σb (ANSYS) 
MPa 

σb (AGMA) MPa % error 

20 113.15 121.5 6.8 
18.1 135.4 134.27 0.9 
21 105.5 115.72 8.8 
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To verify the result obtained from ANSYS it is compared with the value calculated from AGMA formula. 
The maximum difference between these two outcomes is 8.8%. The ANSYS results showed a variation of only 
2.2 % when compared with the experimental results, therefore the developed FEA models are good enough for 
the stress analysis. The lowest FOS in steel gear tooth of 20 mm face width is 3.17, where as in Al-SiCp gear 
tooth of 20 mm face width is 3.78. The lowest FOS has taken, and then face width of Al-SiCp tooth is reduced to 
18.1 mm from 20 mm. 

The Al-SiCp tooth of 20 mm face width showed deflection of 8.6 μm, whereas the steel tooth of 20 mm face 
width showed deflection 8.2 μm. For Al-SiCp tooth in order to have same deflection as that of the steel tooth, the 
face width of Al-SiCp tooth is calculated as 21 mm. By doing this, the FOS was found to increase. The FOS for 
Al-SiCpgear of 21 mm face width is found to be4, by comparing the induced stress results of ANSYS with the 
yield strength of Al-SiCp material. The lowest FOS values obtained at the root region are tabulated in Table 7. 

 
Table 7: FOS and Face width for various gear material 

Face width, mm 20 18.1 21 

Material Steel Al-SiCp Al-SiCp Al-SiCp 

FOS 3.17 3.78 3.17 4 

 
The FOS of Al-SiCp gears are greater than steel gear due to the fact that the interaction stress and higher 

dislocation density cause higher elastic modulus, yield strength and fracture stress in composite as compared 
with the virgin alloy. 

The deflection of Al-SiCp composite gear and steel gear of same face width is not identical. Instead 
composite gear showed slightly greater deflection than that of steel gear for the same stress values, since the 
modulus of elasticity for Al-SiCp is slightly less than steel material. Tooth deflection values in 18.1 mm, 20 mm 
face width Al-SiCp gear are greater than steel gear as shown in Figure.17. This is compensated by increasing the 
face width of Al-SiCp gear to 21 mm. Thus, by increasing the face width of Al-SiCp gear to 21 mm, both the 
functional requirements (higher FOS and lower deflection) of the tooth are achieved. 

The static and dynamic tooth loads found by AGMA standards are less than the beam strength and wear 
strength of Al-SiCpgear tooth. The maximum value of contact stress measured from contact stress analysis and 
the contact stress calculated based on the AGMA standard are compared and there is good correlation. When 
compared to AGMA results, the numerical analysis results have only 2.2% error.  

The natural frequencies of Al-SiCp gears are 1.6 times greater than that of steel gear. From Figure 18 it is 
evident that the natural frequencies of Al-SiCp gear are found to increase with increase in the face width. 

The modal deformation are minimum for 18.1 mm face width Al-SiCp gear when compared with 20 mm 
and 21 mm face width composite gear. But the modal deformation for the steel gear is found to be less than the 
Al-SiCp gears. 

 

 
 

Fig. 17: Deflection results for steel and Al-SiCp gear tooth 
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Fig. 18: Natural frequency results for steel andAl-SiCp gear        
 
Table 8: Comparison of weight of gear 

Face width, mm 20 18.1 21 

Material Steel Al-SiCp Al-SiCp Al-SiCp 

Weight, kg 1.254 0.401 0.362 0.421 

Weight reduction - 68 % 71.1 % 66.4 % 

 
The weight results are tabulated in Table 8. Weight of thesteel gear and Al-SiCp gear of 20 mm face width 

are 1.254 kg and 0.401 kg respectively. The weight of Al-SiCpgear of 21 mm and 18.1 mm face width are 0.421 
kg and 0.362 kg respectively. 

Thus, 68% weight reduction is achieved by replacing the steel gear with Al-SiCp gear. 66.4% weight 
reduction is achieved by Al-SiCp gear of 21 mm face width for optimization based on displacement constraints. 
71.1% weight reduction is achieved by Al-SiCp gear of 18.1 mm face width for optimization based on FOS. 

 
Conclusions: 

The Al-SiCp material gear and the mild steel gear behaviour (i.e. the variation of stress and displacement) 
are similar. The factor of safety and natural frequencies for Al-SiCp gear is more than that of the steel gear. This 
implies that the composite gear can operate at much more higher speeds without any resonance. The bending 
strength of spur gear is calculated using AGMA procedure and ANSYS. The same is validated by minimum 
tooth breakage strength test. For the same size of gear, Al-SiCp MMC gear is one third the weight of the steel 
gear. The maximum weight reduction of 71.1% is achieved with Al-SiCp gear having 18.1 mm face width. 
Therefore, the unbalanced forces such as inertial effect in gear can be reduced. The strength to weight ratio of 
Al-SiCpcomposite gear is 3.73 times higher than that of steel gear of same size. 
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