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Chapter 1 Introduction

The exposure of steel at different temperatures in manufacturing industries leads to the formation of oxide scales.
The evaluation of oxide layer properties is important to researchers and manufacturers because it has a great influence
in different fields under material production and management. Different properties must be taken in account for better
understanding the influences of the oxide layer. There are several methods for determining the properties of the oxide
layer. The properties of oxides formed on large metallic surfaces at different temperatures are difficult to measure
nondestructively in-service. In the research work, a spring-loaded macroscopic direct current (DC) four-point probe
potential drop (PD) technique is used to nondestructively evaluate the properties of the oxide layer deposited on a large
metallic surface. The DC four-point probe PD technique has advantages over other techniques for evaluating the
properties of the oxide layer. When the metallic surface is covered with an oxide layer, PD measured by four-point
probe technique contains the contributions of dual channels current flow. These dual channels are made of a top thin
oxide layer and a bottom bulk base material. The effect of top oxide layer in the measurement of PD cannot be ignored.
The technique through the present method is capable of receiving simultaneously the effects of the oxide layer and the

base material. The method is a new and unique attempt in the field of nondestructive testing and evaluation (NDT&E).

Chapter 2 Checking Surface Contamination and Determination of Electrical Resistivity of Oxide Scale by DC
Potential Drop Technique

This chapter describes the nature of potential drops (PDs) on carbon steel (SS400) and stainless steel (SUS304)
samples. The spring-loaded macroscopic DC four-point probe sensor is used for the measurements of PD on both of the
oxidized and the oxide scale free surfaces. In the study the oxidized test surface is considered as two layers of different
resistivities materials as shown in Fig.2-1. The test sample consists of two layers; the top layer, i.e., oxide scale having
resistivity P, and thickness ¢, and the bottom layer, i.e., base material having resistivity Jo R and large thickness compared
to the top layer. The effect of two layers on the PDs is illuminated by an electrical image method. A physical model of a

two-layer test sample based on the experimental conditions through electrical image method is developed.
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Fig.2-1 Probes arrangement on two-layer test surface.  Fig.2-10 Comparison of nature of PDs on carbon steel
for one contact in 15 s.

The parameters 25, and 28, are distances of current probes and PD measuring probes, respectively, as shown in Fig.2-1.
The current / is injected into the material via the outer probes. The potentials @ and @, at the measuring probes P, and
P, are due to the current source and drain probes C,and C,. The potential drop between two measuring probes A@®
[F(@—a,)] is given by Eq.(2-14). On the other hand, the test sample behaves as a single layer when it is free from
oxide scale. The potential drop for this case can be expressed by Eq.(2-15). These equations are given as
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;where k [=(p—p1)/(pr+p1)] is reflection coefficient. The experimental results show the remarkable nature of PDs on
oxidized test surfaces with probe contact time. The nature of PDs on the oxidized and the oxide scale free surfaces are
compared for the same experimental conditions and it is easy to compare the contaminated surface with the oxide scale
free surface and to decide whether the surface is oxidized or clean. The PDs decrease on the oxidized test surface and
remain constant on the oxide scale free surface with probe contact time as shown in Fig.2-10. The PDs at positions A
and B in Fig.2-10 can be used to determine the resistivities of base material and oxide scale by using Egs.(2-15) and
(2-14), respectively. Electrical resistivity of the oxide scale is successfully determined by the DCPD technique on the
basis of the two layers of different resistivities model. In an attempt to prove the validity and verify the accuracy of the
proposed method, measurements of PD on the oxidized surface are performed with various probes spacing having a
pitch of 10 mm. Then, the electrical resistivity is also determined for various probe spacing and all of the results are

shown to be very close to one another.

Chapter 3 Evaluation of Electrical Resistivity of Oxide Scale Formed under Different Conditions and

Observation of the Basis of Decreasing Nature of Potential Drop on Oxidized Surface

In this chapter, the nature of DCPD on carbon steel (SS400) having different surface conditions are investigated.
Three samples from the same type of carbon steel are prepared under three different conditions, namely, short and long
period exposures in atmosphere and low temperature heat treatment of short exposure sample. The decreasing nature of

PD of oxidized surface is varied from one to another sample. The PD decreasing nature with probe contact time for the



oxidized test samples depends on the thickness and/or the mechanical properties of the oxide scale. The PDs of oxidized
surface decrease due to the deformation of the oxide layer under the tip of the current probes. As the oxidized test
sample is of two layers with the thin oxide layer and the thick base material, a small part of supplied current will flow
through the oxide layer. Therefore, the total supplied current / can be divided into /, and I, for the oxide layer and the
base material, respectively, as shown in Fig.3-2. As observed in Fig.2-10, the potential drops on oxidized test surface
decreased with probe contact time. This indicates that the current densities in the layer under the measuring probes were
decreased with probe contact time. The tip of the current probe moves towards the surface of more conductive base
material due to deformation of the oxide layer under the probe tip as shown in Fig.3-2. It is worth understanding that the
DCPD technique through spring-loaded macroscopic four-point probe is able to distinguish the oxidized surface from
the oxide scale free surface. Electrical resistivities of oxide scale in all of the three cases are successfully evaluated
through the developed two layers model. The almost unique value of evaluated electrical resistivity of oxide scale in all

of the cases indicates that the oxide materials are similar in type in respect to electrical resistivity.
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Fig.3-2 Schematic diagram for the phenomenon of decreasing nature of potential drop.

Chapter 4 Nondestructive Evaluation of the Thickness of an Oxide Layer Deposited on a Large Surface Using
the DC Potential Drop Technique

The DCPD measurement system is used to measure the PD on oxidized test surfaces for different spring force
values. In this study, the force of the spring attached to the current probes is reduced by inserting spacers with different
thicknesses under the supporting legs of the sensor block. The insertion of the spacer under the legs reduces the
compressed length of the spring. It also indicates that an insertion of a thick spacer under the legs decreases the force of
the spring attached with current probes. The PD measurement is first performed on a machined sample exposed to the
atmosphere for approximately six months. The PD for the oxidized surface decreased until the tip of the probe reached
the interface between the oxide layer and the base material. As shown in Fig.4-6, the probe contact time required to
achieve a constant PD increased with increasing spacer thickness. Then, the thickness of the oxide layer deposited on
the surface of the sample is increased by heat treatment. The PD is also measured on the samples subje'cted to heat
treatment. The experimental results establish a relationship between spring force and the time required for the current
probe to penetrate the oxide layer as shown in Fig.4-7. Then, this study proposes a procedure for evaluating the
thickness of the oxide layer. The proposed method is successfully used to determine the thickness of the oxide layer

deposited on a large surface. To demonstrate the validity and accuracy of the proposed method, the obtained thickness



is compared with the thickness measured directly using a field emission scanning electron microscopy (FE-SEM).
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Chapter 5 The Effect of the Oxide Layer on Effective Heat Transfer Coefficient for Oxidized Metal

It is important to know the effects of the oxidized surface on heat transfer for cooling steel materials in the
production process. In this chapter, the heat transfer phenomenon from oxidized metallic surfaces to surrounding
medium was clearly discussed. The nondestructively measured thickness of the oxide layer deposited on a large metallic
surface is successfully used to evaluate the effective heat transfer coefficient. The effect of the oxide layer on the
effective heat transfer coefficient of cooling system in materials production processes is clearly presented. The effective
heat transfer coefficient decreased with an increase in the thickness of the oxide layer. For the case of the free
convection heat transfer, there is no significant influence of oxidized surface with a smaller thickness of the oxide layer
on the effective heat transfer coefficient. On the other hand, for the case of the forced convection heat transfer, both of
the smaller and the larger thicknesses of the oxide layer have a significant influence on the effective heat transfer

coefficient.

Chapter 6 Conclusions

The DCPD technique is capable of receiving the influences of inhomogeneity of the oxidized sample in the
measurements of PD. A physical model of two layers test sample based on electrical image method was developed for
measurements of PD. The PDs decrease on the oxidized test surface and remain constant on the oxide scale free surface
with probe contact time. The decreasing nature of PDs indicates that the current densities in the layer under the
measuring probes were decreased with probe contact time due to movement of the tip of the current probe towards the
surface of more conductive base material through deformation of the oxide layer under the probe tip. The electrical
resistivity of the oxide layer deposited on a large surface was successfully determined using the developed two layers
model. The developed method is suitable for different conditions of the sample. Furthermore, a simple a{sd attractive
procedure to nondestructively evaluate the thickness of the oxide layer was established. The thickness of the oxide layer
deposited on a large surface was successfully determined using DC four-point probe PD technique. Finally, the effective
heat transfer coefficient for oxidized metal is shown to be successfully determined using nondestructively evaluated
thickness of the oxide layer. For the case of the forced convection heat transfer, both of the larger and the smaller

thicknesses of the oxide layer have a significant influence on the effective heat transfer coefficient.
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