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ABSTRACT 
Powder Metallurgy (P/M) is a novel manufacturing process for the production of components with high strength, high tolerance 

and without subsequent machining resulting in low cost and less environmental impact. In this study, the development of a gear in 

the oil pump of heavy vehicles, using powder metallurgy and the effects of case hardening using gas carburizing is investigated. 

The study involves the comparison of the sintered gear before and after case hardening process. A mathematical model has been 

developed for the hardness attained during the case hardening process. The results indicated that the case hardening process 

improved the quality of the gear, leading to less failure of the gear during the working of the oil pump. 
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INTRODUCTION 
 
 Powder metallurgy (PM) has revolutionized the manufacturing of gears, ushering in an era of minimal cost 
and maximum benefits. Powder Metallurgy is a 'near net shape process' which eliminates the necessity of 
secondary operations. Reduction of the secondary operations after the parts are densified and sintered improves 
costs and offers an alternate to machined wrought products. PM has immense potential for industrial 
applications in the fields of automobiles, aerospace and manufacturing, in response to the requirements of mass 
production, lean manufacturing, and improved reliability. It also addresses the concerns about energy and 
environment. Because of their light mass compared to conventional wrought steel gears, PM gears may be 
classified as "Low mass-Low loss gears" [1-3]. 
 Research conducted in the past have stated that the hardening of sintered components improves the 
mechanical properties such as hardness, strength and wear resistance. Vysotskii and Lovshenko combined the 
process of sintering and carburizing for obtaining improved mechanical properties of the materials, such as 
ultimate tensile strength which improved by a factor of 1.1-1.5, in the 1980s [4]. It was observed by Georgiev et 
al, that sintered gears made out of NC 100.24 grade iron powder showed a particular increase of wear resistance 
when treated with C7H7 than the untreated ones [5]. Askari et al performed Nitriding and Carburizing process on 
PM steel parts to improve their surface hardness and wear resistance. For carburized specimens, wear 
mechanisms were found to be affected by the brittle fracture caused by abrasive wear [6]. It was reported by 
Nusskern et al, that a surface densification process prior to carburizing resulted in the formation of martensite 
and compressive residual stresses in the surface layer, which also increased the fatigue strength significantly [7].  
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Material selection and fabrication of gear: 
 The powder metallurgy technology involves the following processes: 
 
1) The metal powder is mixed with a suitable lubricant. 
2) The mixture is loaded into a die or mould and compaction pressure is applied using the compacting press as 
shown in Fig.1. The compact only has sufficient strength to enable it to be handled safely and transferred to the 
next stage. This is called compaction process. 
3) During the sintering process, the compact is heated, usually in a protective atmosphere, at a temperature 
below the melting point of the main constituent so that the powdered particles weld together and confer 
sufficient strength to the object for the intended use. 
 

 
 
Fig. 1: PM compacting press. 
 
 The composition of the gear component is given in Table I. Binders/Lubricants was not used for this 
process. The mixture was loaded into a mould and a pressure of 600 MPa was applied. The compact had a green 
density of 6.85-7.10 g/cm3. During the sintering process, the compact was heated at 1120 oC in endothermic 
(ammonia gas) atmosphere for 30 minutes. The gear measurements and the properties of the sintered component 
are listed in Table II. The schematic of the gear design is provided in Fig. 2. 
 
Table I: Chemical Composition By Weight % 

Chemicals Weight % 
Nickel 1.5 
Carbon 0.5 – 0.8 
Copper 1.5 

Molybdenum 0.5 – 0.8 
Iron Remaining 

 
Table II: Gear Measurements and Properties 

No. of Teeth 7 
Module 4 mm 

Pressure Angle 20o 
Pitch Circle Diameter 28 mm 

Addendum 5 mm 
Density 6.4-6.6 g/cm3 

Hardness 45-50 HRB 

 
 During the Case hardening (Gas Carburization) process, the components were subjected to Temperature 
range of 600 to 800 oC, for a time duration of 40 to 60 minutes in a Continuous meshbelt hardening furnace. The 
carbon potential was varied from (0.9-1.0%) to (0.7-0.8%). The heated components were quenched using High 
Quench Oil Medium grade which was maintained at 60 oC. The tempering process was carried out at 150 oC. 
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Fig. 2: Schematic of Gear design. 
 
 The heat-treated sintered sample and the sintered sample is displayed in Fig. 3(a) and Fig. 3(b) respectively. 
 

  
(a)                   (b) 

 
Fig. 3: (a) Sintered gear component (b) Heat-treated sintered gear component 
 
Experimental work: 
A. Microhardness Test: 
 The term micro hardness test usually refers to static indentations made with loads not exceeding 1 kgf. The 
indenter used was Vickers Diamond pyramid at 0.1 Kg load. The mould prepared shown in Fig. 4 was cleansed 
with Nitric acid and Ethanol. Precision microscopes were used to measure the indentations which usually have a 
magnification of around x500 and measure to an accuracy of +0.5 micrometres 
 

 
 
Fig. 4: Mould prepared for microhardness test. 
 
B. Breaking Load Test: 
 The Breaking load of a gear provides the permissible compressible stress for the gear component. The 
breaking load was measured using universal testing machine. The gear was mounted on a V-block and the gear 
tooth was subjected to increasing loads. Fig. 5 shows the experimental setup for breaking load test. 
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Fig. 5: Experimental Setup of Breaking load test. 
 
C. Microstructure Analysis: 
 Scanning Electron Microscopy (SEM) facilitates an understanding of the microstructure of the surface of 
solid materials. Samples for metallographic observations were sectioned from the sintered and heat-treated 
sintered component. The samples were cut at 1cmx1cm size and mechanically grounded by initial rough 
grinding using SiC impregnated emery paper of grit size 200-300 and fine grinding with a paper of grit size 600-
700. Then the grounded samples were polished by 1µm Al powder. Etching of polished samples was also done 
using Keller’s reagent. Scanning Electron Microscope was used to evaluate the morphological changes 
occurring in the heat-treated sintered component. 
 Energy-dispersive x-ray spectroscopy [EDAX], is an analytical technique that uses characteristic x-ray 
radiation for compositional analysis which is used for the elemental analysis or chemical characterization of a 
sample. It is used in this study in order to view the chemical composition of the heat-treated sintered component. 
 

RESULTS AND DISCUSSIONS 
 
A. Microhardness Test: 
 The microhardness value increased from the core to the surface after the case hardening was performed as 
shown in Fig. 6. The maximum microhardness attained was 710 HV0.1 and the core possessed a hardness value 
of 313 HV0.1. The case depth is found to be 1.02 mm.  
 

 
 
Fig. 6: Microhardness value measured from surface. 
 
B. Breaking load Test: 
 The sintered component has a slightly higher breaking load of 40 kN when compared to heat-treated 
sintered component which has a breaking load of 34.4 kN. This is attributed to the increase in hardness, which 
made the carburized component relatively brittle when compared to the sintered component. The breaking loads 
of the components are presented in Fig. 7. 
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Fig. 7: Breaking Load comparison. 
 
Microstructure analysis: 
 The SEM images were studied in order to find the phase transformation occurring during the carburization 
process. The heat treated sintered component was found to have Forward Transition Martensite with rich nickel 
austenite at its surface. The core was found to contain ferrite with rich nickel austenite. Fig. 8 and Fig. 9 
represent the microstructures of Sintered and Heat-treated Sintered component respectively. 
 

 
 
Fig. 8: Microstructure of Sintered component. 
 

 
 
Fig. 9: Microstructure of Heat-treated  
 
Sintered component: 
  The EDAX results for heat-treated sintered component displayed in Fig. 10, shows the elemental 
composition of the sintered gear component after the gas carburizing process.  
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Fig. 10: EDAX of heat-treated component. 
 
Mathematical modelling for microhardness of heat treated sintered gear: 
 A Box-Behnken design matrix shown in Table IV consisting of 14 sets of coded conditions was selected to 
conduct the experiments. It has no extended axial points, so it uses only two-level factors. The microhardness of 
the Sintered samples attained during carburizing process is a function of temperature (T), time (S) and carbon 
potential (C), which can be expressed as:  
  
H = f (T, S, C) [Eqn. 1]    
  
The second order polynomial regression equation used to represent the response surface ‘Y’ for ‘k’ factors is 
given by 
 

                 [Eqn. 2] 
 
 Where b0 is the average of responses, and bi, bii and bij are the coefficients which depend on the respective 
main and interaction effects of the parameters. 
  
Table III: Microhardness and Their Levels 

Parameters Notation Unit Levels 

-1 0 1 

Temperature T oC 600 700 800 
Time S min 40 50 60 

Carbon Potential C % 1 2 3 

  
 Carbon potential 1 represents (0.9-1.0%), Carbon potential 2 represents (0.8-0.9%) and Carbon potential 3 
represents (0.8-0.7%).  
 
H=b0+b1T+b2S+b3C+b11T

2+b22S
2+b33C

2+b12TS+b23SC+b31CT                 [Eqn.3] 
 
 The data is used for the regression analysis and the coefficients are calculated using the software Minitab 16. 
All the coefficients are tested for their significance at 95% confidence level.  
 
The developed regression equation is 
H= - 96.8125 - 0.06375 T + 0.6625 S + 331.25 C – 0.00005 T2 - 0.0125 S2 - 250 C2 + 0.00075 T.S + 0.25 S.C + 
0.15 C.T                     [Eqn. 4] 
 
Table IV: Design matrix 

TRIAL RUN 
MICROHARDNESS PARAMETERS 
T S C ACTUAL VALUE PREDICTED VALUE ERROR % 

T01 1 1 0 67 66.625 0.559701 
T02 1 -1 0 62 62.125 -0.201612 
T03 0 -1 1 60 59.875 0.208333 
T04 0 0 0 63 63 0 
T05 -1 0 1 58 57.75 0.431034 
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T06 0 -1 -1 56 55.625 0.669642 
T07 -1 1 0 59 58.875 0.211864 
T08 1 0 1 67 67 0 
T09 0 0 0 63 63 0 
T10 1 0 -1 59 59.25 -0.423728 
T11 0 1 1 63 63.375 -0.595238 
T12 -1 -1 0 57 57.375 -0.657894 
T13 -1 0 -1 56 56 0 
T14 0 1 -1 58 58.125 -0.215517 
T15 0 0 0 63 63 0 

 
Table V: ANOVA RESULTS 

Source Degrees of freedom Type ISS Mean Squares F-Ratio P-value 
Regression 9 180.183 20.0204 133.469 .000020 
T 1 78.125 0.524 3.495 .120491 
S 1 18 0.763 5.087 .073774 
C 1 45.125 11.324 75.495 .000334 
T2 1 0.201 0.9231 6.154 .055794 
S2 1 4.155 5.769 38.462 .001591 
C2 1 23.077 23.0769 153.846 .000060 
T.S 1 2.250 2.250 15 .011725 
S.C 1 0.25 0.25 1.667 .253170 
C.T 1 9 9 60 .000573 
Residual Error 5 0.75 0.15 - - 
Lack-of-Fit 3 0.75 0.25 - - 
Pure Error 2 0.00 0.00 - - 
Total Error 14 180.933 - - - 

 
 The adequacy of the developed mathematical model was tested using the analysis of variance (ANOVA) 
technique which is presented in Table V. The calculated values of F-ratio are greater than the tabulated values at 
95% confidence level, which means the developed mathematical model is considered to be adequate.  
 The model has a higher r2 value of 0.996. Fig. 11 shows the scatter diagram of the developed mathematical 
model. The experimental values and predicted values from the mathematical model are scattered both sides and 
close to 45o line, which further proves the adequacy of the model. The effect of Temperature, Time and Carbon 
potential on micro hardness is shown in Fig. 12, 13 and 14 respectively in the form of 3D surface plots. 
 

 
 
Fig. 11: Scatter diagram for microhardness. 
 
Conclusion: 
 In this study, the sintered and the heat-treated sintered gear components were fabricated successfully. It was 
found that the case hardening (carburizing) process improved the mechanical properties of the gear component 
such as Microstructure and Microhardness. The reduction in breaking load was minimal and the resultant load 
capacity was above the safe value. Further, a mathematical model was developed for microhardness. Both the 
predicted values and the actual values were close to the 45o line which proves the adequacy of the developed 
mathematical model. 
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Fig. 12: Microhardness vs. Time & Temperature. 
 

 
 
Fig. 13: Microhardness vs. Carbon Potential & Temperature. 
 

 
 
Fig. 14: Microhardness vs. Time & Carbon Potential. 
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