Strength evaluation of fine grained steel and
microwave sintered ceramics using X-ray
diffraction technique
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Abstract

This thesis is aimed to evaluate the strength characteristics of fine grained steel and microwave
sintered ceramics, which have smaller grain size compared to conventional steel and ceramics
under various processing conditions or environment by using the X-ray diffraction technique. In
this thesis, X-ray residual stress measurement, as one of the most common techniques that is
used to measure residual stresses is introduced in detail. Then, the behaviors of residual stress
distribution caused by directionality mechanical processing of fine grained steel were
investigated with the tri-axial stress analysis method and Debye ring observation. The stress
corrosion resistance property of the fine grained steel was also evaluated via SCC (Stress
Corrosion Cracking) test. After SCC test, the residual stress distributions in the fracture surface
were investigated by X-ray diffraction technique. According to the experiment results, fine
grained steel is shown to have better stress corrosion cracking resistance than conventional steel.
On the aspect of microwave sintered ceramics, some advantages of microwave heating
technology were confirmed via the comparison of the rate of volume change, bulk density, water
absorption and apparent porosity of microwave and conventionally sintered samples. In addition,
the homogeneous performance of the microwave sintered ceramics was evaluated on the
microscopic scale by the thermal residual stress and the pore ratio investigations. It was
confirmed that the sinterability of ceramics is homogenously improved by hybrid microwave

sintering.

A L

On production or manufacturing fields, the development of the products which possess high
performance usually need high strength materials. Therefore, the importance of high strength
materials have been paid attention to by the researchers more and more, and a variety of

strengthening mechanisms were developed. Grain boundary strengthening is one of these

mechanisms, this mechanism increase the strength via decreasing grain size of material. A



important merit of grain boundary strengthening compared other strengthening mechanisms is
that it not only improve the strength but also increase the toughness. In addition, grain boundary
strengthening has still following advantages: 1) increasing strength without the changes of
composition; 2) ecology conservation because of more recyclable to materials and rare metal
saving; 3) more economical cost of materials because of energy and resource saving. In the
present study, two types of special new materials: fine grained steel and microwave sintered
ceramics, which have smaller grain size compared to conventional steel and ceramics were
emploied to investigate and evaluate their strength behavior.

Fine grained steel and microwave sintered ceramics would be used on many fields as new
generation’s high strength materials. Therefore, it is necessary to realize their strength
characteristic under various processing conditions or environment. With this aim, this thesis is
to discuss the strength behaviors of fine grained steel and microwave sintered ceramics

materials after appropriate processing respectively, via various experimental methods.

In this thesis, the behaviors of residual stress distribution caused by directionality mechanical
processing of fine grained steel were investigated with the tri-axial stress analysis method and
Debye ring observation. The stress corrosion resistance property of the fine grained steel was
also evaluated via SCC (Stress Corrosion Cracking) test. On the aspect of microwave sintered
ceramics, some advantages of microwave heating technology were confirmed via the
comparison of some important parameters of microwave and conventionally sintered samples.
In addition, the homogeneous performance of the microwave sintered ceramics was evaluated

on the microscopic scale.

The thesis consists of 7 chapters, and the important contents and results of each chapter are

summarized as follows:

Chapter 1 is the general introduction of this thesis. In this chapter, background, objectives and

contents of the thesis are introduced briefly.

In Chapter 2, X-ray residual stress measurement, as one of the most common techniques that is

used to measure residual stresses is introduced in detail.

The residual stress measurements using X-ray diffraction technique is considered as
nondestructive method. This method basically measures the angles at which the maximum
diffracted intensity take place when a crystalline sample is subjected to x-rays. From these
angles, it is possible to obtain the interplanar spacing of the diffraction planes using Bragg’s law,
which can be expressed as nk= 2dsin 8, and the interplanar spacing is used as a strain gage. If
the residual stresses exist within the sample, then the residual stresses cause changes in the
spacing of the lattice planes from their stress free value to a new value that corresponds to the

magnitude of the residual stresses.

The fundamental equation that is used in x-ray diffraction strain measurement can be

expressed as
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As a result of x-ray diffraction, there are three basic behaviors of d,, vs. sin’y for a d-spacing
at all  ftilts, and they are linear behavior, v -splitting behavior and oscillatory behavior
respectively. For both linear behavior and y -splitting behavior, equation 7-1 can be used to
determine the strains from the given data, then calculating residual stresses value. However, the

data of oscillatory behavior can not be solved with the equation 7-1.

In Chapter 3, for clarifying the influence on the residual stress distribution of the directionality
processing method and the grain size, specimens of fine grained steel and conventional steel
were processed by mechanical grinding and emery polishing respectively. Then the behaviors of
residual stress distribution were investigated by X-ray diffraction technique with the tri-axial
stress analysis method. At the same time, Debye ring observation was carried out, and the

results were compared with those of tri-axial stress analysis.

The main results are summarized as follows:

(1) It was confirmed by the observation of IP images that the grain size of fine grained steel is
bigger than that of conventional steel.

(2) In both NFG600 and SM490, the Tri-axial stress state is caused by the directionality
processing.

(3) In the case of mechanical grinding, it was confirmed that the maximum depth of the
processing influence of NFG600 is bigger than that of SM490.

(4) It was shown that the disappearance of 013 and 0,3 corresponded to the changes of the IP
images. According to this result, it is possible to connect the first kind stress with the third
kind stress by using IP images.

(5) It is considered that the maximum depth of the processing influence is bigger than the

settling point of Tri-axial stress.

In Chapter 4, for a better understanding of the strength characteristic and environmental
characteristic of fine grained steel under corrosion environment, SCC test was carried out.
Subsequently, fracture surface was observed with SEM images and the residual stress
distributions in the fracture surface were investigated by X-ray diffraction technique. The
difference of stress corrosion resistance property between fine grain steel and conventional steel

was evaluated.

The main results are summarized as follows:

(1) Fine grained steel NFG600 is shown to have better stress corrosion cracking resistance
than SM490 as measured by SCC test.



(2) On both NFG600 fracture surface and SM490 fracture surface, the coexistence of
fracture ductility and the form of embrittlement is formed. However, SM490 causes the
fracture ductility more easily than NFG600. Therefore, it is possible that the crack size
is related to the grain size of the material.

(3) The difference of plastic zone size w, due to the difference of the crystal grain size was
confirmed. w, of NFG600 is smaller than w, of SM490 because fine grain steel NFG600
has stronger yield strength.

In Chapter 5, for confirming the advantages of microwave heating, some specimens of Al,O;
ceramics are sintered under various sintering temperatures by a conventional héating method
and a hybrid microwave heating technique. The heating velocity of microwave and conventional
methods, the rate of volume change, bulk density, water absorption and apparent porosity of the
conventionally and microwave sintered samples were investigated, and the experimental results

of two kind samples were compared.

The following conclusions can be made via the comparisons of the experimental results of two

kind samples.

(1) Microwave sintering method has the characteristic of rapid heating compared to
conventional method.

(2) The sinterability of hybrid microwave sintered sample is better than that of
conventionally sintered sample at the same sintering temperature.

(3) Microwave sintering method can reduced the sintering temperature of ceramics when

compare with conventional method.

In Chapter 6, to evaluate the homogeneous performance of the microwave sintered ceramics,
Al,O; ceramics specimens are sintered by hybrid microwave and conventional sintering method,
respectively. The behaviors of thermal residual stress and the pore ratios were investigated, and
utilized to characterize hybrid microwave sintered specimens and conventionally sintered
specimens. The characteristics of two-directional hybrid microwave sintering were also
confirmed by using thermal residual stress and the pore ratio distribution. Otherwise, the
Vickers Hardness (HV) distribution was also investigated. The advantages of the performance

of hybrid microwave sintered ceramics are evaluated on a microscopic scale.

The following conclusions can be made:

(1) A correlation between the thermal residual stress and the pore ratio in the composite
ceramic material is confirmed, and it is possible to evaluate the sinterability of ceramics

from thermal residual stress measurements.

(2) The uniform heating property of two-directional hybrid microwave sintering is confirmed

by the thermal residual stress and the pore ratio investigations on a microscopic scale.



(3) It is confirmed that sinterability of ceramics is improved by hybrid microwave heating,
and Vickers hardness tests on microwave sintered specimens revealed superior

mechanical properties compared to conventionally sintered specimens.

Finally, the conclusions obtained through these studies are summarized in Chapter 7.

As mentioned above, this thesis evaluates the strength characteristics of fine grained steel and
microwave sintered ceramics under various processing conditions or environment by using the
X-ray diffraction technique. The results obtained in this study are expected to be contributive to

promoting the study on fine grained steel and microwave sintered ceramics.
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