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Induction Hardening, In this article, research on the process of induction hardening on the Saina vehicle’s Tulip part,
Tulip of drive shaft, which is made of 1055 steel, was investigated. The input parameters discussed in this article
Regression equation include induction power, hardening time and cooling fluid pressure, and in the output parameter,

surface hardness and effective case depth were investigated. Using the test design table extracted
from the Minitab software and the analyzes performed with the response surface method, the
mathematical and statistical equations governing the process were extracted, and using the
analysis of variance table, the ineffective parameters of the process were removed and the final
regression equation and other required information was extracted. Then the optimization of the
process according to the desired values to achieve the desired surface hardness and effective case
depth were done by providing a suitable range of induction power settings, induction time and
cooling fluid pressure, which helped to reduce destructive tests and increase the quality assurance
of parts.

Extended Abstract

1. Introduction

n the automobile industries, the automotive drive shaft yoke is a critical component responsible for
transmitting torque from the gearbox to the wheels, transferring power sequentially through the yoke, the drive
shaft, and the universal joint to the wheel hub. To ensure high reliability and durability under operational

loads,

it is essential to enhance the surface mechanical properties of steel components, including wear resistance, surface
hardness, and fatigue strength. Among various surface hardening techniques, induction hardening is recognized as one
of the fastest and most effective methods for achieving significant surface hardness while preserving the mechanical
integrity of the core material. Induction hardening involves applying an alternating magnetic field to a conductive
steel component through a specially designed coil. The induced eddy currents rapidly heat the surface layer to the
austenitization temperature. Immediately afterward, a quenching fluid is sprayed from multiple directions to rapidly
cool the surface, forming a hardened outer layer while leaving the core material unaffected. This process results in a
wear-resistant and fatigue-resistant surface, significantly enhancing the service life of the component. Figure 1

illustrates the drive shaft yoke specimen and the induction coil used in this study.
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Figure 1 The yoke specimen and the induction coil used in this study

2. Material and methods

This study investigates the effect of key process parameters—including induction power, hardening time, and
quenching fluid pressure—on surface hardness and hardness penetration depth of the outer splines of the drive

shaft yoke. Fifteen identical CK55 steel specimens were prepared through forging, machining, spline rolling,

tempering, and surface finishing. Table 1 summarizes the selected ranges of input parameters. The specimens
underwent induction hardening using an EFD-manufactured induction heating system, and subsequently, cross-

sections were prepared for microhardness measurements to evaluate surface hardness and penetration depth

(Table 2).

Table 1 The selected ranges of input parameters

Input parameter Unit Abbreviation Levels

Induction power KW P 42 46
Time S S 6 8

Liquid pressure Kg/cm? Q 2 4

Table 2 The design of experiments (DOE) with the surface hardness and penetration depth

Test number

Penetration depth

Surface hardness

S Q (mm) (HRC)
1 4 6 3 25 57
2 46 6 3 3.0 59
3 42 8 3 38 58
4 46 8 3 45 63
5 42 7 2 36 57
6 46 7 2 44 59
7 42 7 4 25 58
8 46 7 4 3.1 61
9 44 6 2 4.0 56
10 44 8 2 55 58
11 44 6 4 31 59
2 44 8 4 43 60
13 44 7 3 3.2 59
14 44 7 3 3.0 58
15 44 7 3 33 59
3. Results

Statistical modeling using Response Surface Methodology (RSM) was employed to develop predictive

regression models correlating input parameters with output responses. Factor significance was analyzed via
Pareto charts (Figure 2), and residual plots (Figure 3) validated model assumptions, confirming normally

distributed residuals and homogenous variance. Surface hardness was found to be primarily influenced

independently by each parameter, whereas hardness penetration depth was significantly affected by the

combined effects of induction power and hardening time, and inversely influenced by quenching fluid pressure.

Contour plots (Figures 4 and 5) were generated to visualize parameter interactions and their effects on both

penetration depth and surface hardness.
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Figure 4 The contour plot of variations of penetration depth with liquid pressure and induction power
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Figure 5 The contour plot of variations of surface hardness with liquid pressure and induction power

Experimental results indicated that increasing induction power and hardening time enhances both surface
hardness and penetration depth, whereas higher quenching fluid pressure increases surface hardness but reduces
penetration depth due to accelerated surface cooling. Safe operating windows for achieving target surface
hardness of 58-60 HRC and penetration depths of 3-4 mm were identified (Figures 6 and 7). As indicated in
figure 8 the optimal process parameters for achieving a surface hardness of 60 HRC and a penetration depth of 4
mm were determined as 46 kW induction power, 13.7 s hardening time, and 2.7 kg/cm?2 quenching fluid pressure.
These parameters ensure consistent production quality, minimize destructive testing, reduce production costs,
and improve overall process reliability.

Contour Plot of Lsew JgS1, (i
4.0

T Sl
— 58
== 60

35 & Hold Values
\ Oloj 7

a2z 43 a4 45 46
lg

Figure 6 Safe operating windows for achieving target surface hardness of 58-60 HRC
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Figure 7 Safe operating windows for achieving penetration depths of 3—-4 mm
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Figure 8 Optimal process parameters for achieving a surface hardness of 60 HRC and a penetration depth of 4 mm
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4. Conclusion

This study presents a comprehensive methodology for predicting and optimizing induction hardening of
automotive drive shaft yokes. By integrating experimental work with statistical modeling and response surface
analysis, the research provides a robust framework for controlling surface hardness and penetration depth.
Inclusion of tables and figures throughout the study offers clear visualization of parameter effects, safe operating
regions, and optimization strategies. The findings are applicable not only to Saina vehicle drive shaft yokes but
also to other automotive and industrial steel components requiring precise surface hardening, ensuring
reproducible, high-quality mechanical performance while reducing waste and testing costs.
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