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Abstract

Now a days it is very common interest for engineers to improve the surface quality. Improvement of surface quality deals with several
factors like cutting condition, heat generation, heat dissipation, selection of cutting fluid etc. Above all the factors it is very important to
know about the change in microstructure and behavior of the material. The surface quality that is the change in microstructure greatly
depends on the cutting condition and process which are taken on account earlier, each of which produce a surface with own characteristic
topography. In this paper the topographical condition of a mild steel workpiece and chip is investigated and described. For this purpose an
orthogonal cutting of mild steel metal with cutting tool of high speed metal is taken. The change in microstructure of chip and work
material is observed in the metallurgical microscope. Then finally it is observed, the total change of microstructure of each surface held
with the proportion of heat generation and distribution.

© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society
of Mechanical Engineers
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1. Introduction

For the production of variety metallic products metal removal operations are widely used in industry. During metal
removal process the first objective is to obtain a smooth surface. The metal surface smoothness is greatly depends on the
machining process. The basic principle of metal removal is that the heat generation between tool and work material contact
surface with friction. The heat generation is closely related to the plastic deformation and friction [1]. It can be specified that
three main source of heat during machining or cutting e.g. plastic deformation by shearing in the primary shear zone, plastic
deformation by shearing and friction on the cutting face and friction between chip and tool on tool flank. The generated heat
is mostly dissipated by discarded chip when no cutting fluid is used and the rest amount also draws away by cutting tool.
The change in micro structure of mild steel interface occurs due to temperature. Different temperature distribution between
chip and work material is observed [2]. By this observation it is shown that the amount of change in the different interface
of mild steel with equally distribution of heat at different planes and faces. The microstructure analysis of the mild steel
interfaces obtains by high speed cutting. In this work an orthogonal cutting of mild steel has done. Then the chip and work
material topography observed at metallurgical microscope and compared with actual microstructure of mild steel. The paper
is organized as follows, Experimental details provides the cutting technique, chip formation and process of taking image.
The result section provides the microstructure images acquisition. Finally the comparison of topographical condition of mild
steel and work experience is figured out in discussion and conclusion section.
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2. Experimental details

The material examined was a mild steel specimen. Before setting for an orthogonal cutting the general topographical
characteristics was observed in metallurgical microscope. And this also carried out by some steps which are not concerned
matter of this work. The specimen then placed into a lathe machine for cutting at different speed and obtained the chip. The
cutting was carried out at 700 rpm and 800 rpm. Then specimen and chips collected together for visualizing the
topographical microstructure. The metallographic observations were carried out on both sample cut surface and chip. The
microstructure features of the specimen and chip were characterized by optical and SEM observation. The metallurgical
microscope was of Advanced Metallurgical Microscope type.

Feature depth

Workpiece rotation

Axial depth
of cut

Fig.1. Typical orthogonal metal cutting

3. Results

Figure 2 shows the microstructure of mild steel specimen before cutting. It contains about .1% carbon in weight alloyed
with iron. This steel has two major constituents, which are ferrite and pearlite. The light coloured region of the
microstructure is ferrite. The grain boundaries between the ferrite grains can be seen quite clearly. The dark region is
pearlite. It made up from a fine mixture of ferrite and iron carbide. The small spots within the ferrite grains could be
exhibits. These are illusions and impurities such as oxide and sulphide.

Fig. 2. Topogrphical microstructure of mild steel before cutting
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The properties of mild steel greatly depend on the microstructure. Decreasing the size of the grains and decreasing the
amount of pearlite develops the strength ductility and toughness of the steel. The inclusion can also affect the toughness.
Figure 3 shows the topographical microstructure of the chip of mild steel after cutting. And figure 4 shows the
microstructure of mild steel workpiece surface after cutting. The microstructure of the mild steel sample surface shows a
rough structure of grained ferrite and pearlite with effect of bending and heat. Similarly in figure 3 also shows the rough
structure of grain ferrite and pearlite with effect of bending and heat. According to the assumption of heat generation and
distribution it is observed, the change in microstructure of chip is more affected by heat than the structure of workpiece
surface. The microstructure changes observed are due to the fact that during cutting recrystalyzation and grain growths are
interacting in a complex way to determine final grain size. The new grain size obviously disrupted by the heat which
generated during cutting.

Fig. 3. Topographical microstructure of mild steel specimen after cutting

Fig. 4. Topographical microstructure of chip

4. Conclusion

This paper carried the use of imaging and pattern recognition techniques for the analysis of topographical microstructure
of mild steel and its chip. The objective is to support research on influence on topographical microstructure in machining
process. From this investigation it has been found that topographical microstructure of mild steel changes in different
condition of cutting process. When the cutting speed was low, less crack and much black pearlite was formed compared to
high speed condition. To optimize the surface characteristics additional cutting fluid should be provided during cutting. In
future by a thermal imaging camera this investigation can be made so that it can attenuate the topographical microstructure
of others metal more precisely.
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Abstract

A model for the prediction of the wetting delay through jet impingement quenching of a high temperature brass block has
been carried out in this study. The Liquids used for jet impingement on the brass surface are water and emulsion of cutting
oil (used in machine shop) and water at a proportion of 1:20.The varying parameters used for the analysis are different
velocities of jet (3m/s, 5m/s, 10m/s) and initial block temperature from 250°C to 450°C at an interval of 50°C. The wetting
delay and wetting front propagation varied for different test conditions. When a liquid jet was impinged on the heated
surface of the brass block, the jet remains stagnant up to a small region and the surface temperature decreases very slowly
with time. After a certain interval, the surface temperature decreases at faster rate and the wetting front starts to move in the
radial direction. The time that passes during the stagnant period of the wetting front is the wetting delay. The wetting delay
in case of emulsion of cutting fluid is much higher as compared to water. The evidence was clear for wetting delay
measurement for water from graphical analysis but for the emulsion it is not as evident as in many cases the temperature
drops linearly with time and the wetting delay can’t be actuated exactly. The water wave front propagates throughout the
surface but in case of the emulsion the wetting front does not even cover half of the total metal surface after a long interval
of time. The effect of different experimental parameters on the wetting delay is also observed in the present study. The
characteristics of the wetting delay are influenced by jet velocity and initial block temperature. For higher jet velocity and
lower initial block temperature wetting delay decreases.

© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society
of Mechanical Engineers
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Nomenclature

d Jet Diameter (mm)
CHF Critical Heat Flux (W/m?)
LFD Leiden frost point

t* Resident time (sec)
T; Initial Block Temperature O]

\% Jet Velocity (m/s)
Tw Surface temperature )
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1. Introduction

The rapid cooling of high temperature metal surface is generally called quenching or rewetting process, which is one of the
most important processes of heat treatment. Quenching is widely used and has been extensively studied for controlling the
mechanical and metallurgical properties of materials in the manufacturing industry. Among the various quenching
techniques, jet impingement quenching has been proved to be an effective cooling option over the past few years due to
rapid cooling and better control of high temperatures. When a liquid jet is impinged on the heated surface of the metal block
the surface is not immediately wetted by the liquid jet. The liquid jet remains stagnant up to a small region for a certain
amount of time which may vary with the experimental conditions and the metal block we are using. At that time, the surface
temperature decreases slowly almost at a constant rate. There is a sudden drop of temperature at the very beginning of jet
impingement due to transient effect. After a certain amount of time the wave front of the jet begins to propagate on the
whole surface. The delay of time when the wave front of jet remains stagnant on a small region of the surface is called
wetting delay.

/" Initial Surface Temperature

Cooling Curve

Surface
Temperature, T

[4— Resident Time —»

Time, t

Fig. 1. Cooling curve during quenching

Researchers and scientists have carried out analytical and experimental investigations for clear understanding of quenching
phenomena. Chan and Banerjee [1] defined that the rewetting is the re-establishment of continuous liquid contact with a hot
dry surface. Nelson [2] defined quenching as the rewetting process for establishing direct liquid-solid contact where the
surface initial temperature exceeds the rewetting temperature. The rewetting temperature was represented by the Leiden
frost temperature (LDF) of liquid nitrogen on copper surface. The quenching by jet impingement using water as the liquid is
a very effective cooling process for high temperature surfaces. Piggott et al. [3] experimentally investigated wetting delay
during cooling of a hot rod using a sub cooled water jet. It is the delay of the wave front of the liquid to spread from a
stagnant zone to the entire surface of the block. The time till when the wave front remains in a stagnant zone is called the
resident time.

Mozumder et al. [4-6] conducted the experimental investigations during quenching of three different cylindrical blocks i.e.
steel, brass, cast iron using a sub cooled water jet. The jet was impinged from the bottom at the center of the surface of the
block. They defined resident time as the period required for the wetting front to expand beyond the stagnant zone which is
close to the center.

The present study is of experimental type that is performed to understand the characteristics of wetting front and resident
time during quenching of a high temperature cylindrical brass block with water and emulsion jet at atmospheric pressure.
The temperature is measured inside the block at a specific depth of 2mm from the hot surface. The movement of wetting
front over the heated block surface is observed and the wetting delay between water and emulsion jet is compared by
graphical analysis and visual observation.

2. Experimental setup and procedure

The experimental setup consists of four major parts: a structure to support the test block, a heater to heat the block, the
liquid circulation system and the temperature measuring system. The other requirement was to make proper insulation to
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avoid heat losses. Fig. 2 shows a schematic diagram of the experimental setup that was used during our experiment. The
total setup consist of water tank, pump, pipe, reducer, valves, nozzle, cylindrical steel block, insulation, gasket, variac,
thermocouple, digital panel meter etc.
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Fig. 2. Schematic diagram of the experimental set up

The experiment is started with filling up the reservoir up to a certain level with the fluid. In case of cutting fluid the
emulsion of water and oil was first made and then poured into the reservoir. Then the pump was switched on and a jet of
fluid is initiated through a nozzle of 1 mm diameter, which is placed centrally 23 mm from the test surface. The different
velocities were obtained by regulating the bypass gate valve. The jet velocity is then calculated by bucket and weight
method. A shutter is mounted in front of the nozzle to prevent fluid from striking the block prematurely. The block is heated
to the desired initial temperature by heating it with an electrical heater mounted around the block. After setting all initial
conditions of the experiment, the shutter is opened for allowing the jet to strike at the center of the test surface of the heated
block. The camera is employed to record flow pattern over the heated block surface.

The Kk type thermocouple measures the temperature inside the block and at the same time, time is recorded by a stop watch.
The whole procedure is repeated for various jet velocity and initial block temperature. The experiment has been conducted
under various test conditions for the purpose of clear understanding of the heat transfer characteristics during jet
impingement quenching of hot brass block. The jet velocity and initial temperature of the brass block are varied.

Table 1. Test conditions of the experiment

Initial temperature of block, T; (°C) Jet Diameter, d (mm) Jet velocity, V (m/s)

250, 300, 350, 400, 450 1 3,5,10

3. Results and Discussion

Experimental resident time has been investigated as a function of test surface temperature for metal surfaces, two different
liquid and three different jet velocities. A numerous number of graphs have been found for different conditions. In this
study, the resident time has been estimated on the basis of two independent ways, one is from the temperature vs. time curve
and the other is from the video images. In most of the cases both agreed well. Since video recording was not made for every
case, only the first mean was sometimes employed to estimate the resident time. The pattern of the wave propagation is
observed during the experiment closely. One of the most important objectives of the present study is to compare the wetting
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delay and wetting front propagation of water and emulsion. The comparison is made by both graphical analysis and visual
observation.

3.1. Comparison with graphical analysis

Graphical Analysis can be shown by Cooling curve i.e. Temperature vs. Time curve. Cooling curve for water represents
ideal behavior and wetting delay can be observed in most of the cases. On the other hand, cooling curve for cutting fluid is
nearly linear and it is difficult to obtain exact wetting delay from cooling curve. Wetting delay for most of the cases is found
by visual observation.
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Fig. 3. Comparison of surface temperature and time curve at T;= 250°C, V= 5m/s

From the graph we can see that the resident time for cutting fluid is 26.13 seconds which is much less than the resident time
of water which is 48seconds.We can also see the temperature at which the temperature remains quite constant is pretty high
for cutting fluid as compared to water.

3.2. Comparison by visual observation

In addition to graphical analysis, Visual observation is a good indication of wetting delay. Since the specific heat of water is
more than that of cutting fluid, wetting front for water propagate faster & wetting delay is less compared to cutting fluid. At
T;=350°C, and V = 5m/s, Wetting delay for water & cutting fluid was found as 35 and 62 second respectively.

(a) (b)

Fig. 4. Initial impact of jet at T; = 350° C & V = 5 m/s (a) water; (b) cutting fluid

3.3. Effect of different parameters on wetting delay

The effect of different parameters on wetting delay plays an important role in analysis of quenching process. The most
important parameters are the jet velocity and the initial block temperature. The wetting delay varies with these parameters
through a direct relationship.
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3.3.1. Effect of jet velocity

Generally the higher the velocity the the smaller should be the wetting delay. Because the higher velocity will remove the
heat quickly from the heated surface . Therefore the wetting delay will be less. In this study we got these relationship
between the jet velocity and wetting delay for most of the cases with pure water except some varaiations. But in case of
emulsion as the temperature was decreasing linearly it was difficult to find out the wetting delay and therefore the direct
relationship between the wetting delay and the jet velocity did not make out for most cases. In Fig. 5a for T; = 300°C,
resident time in case of water for V = 3 m/s,5 m/s and 10 m/s has been plotted respectively. So from this figure it is evident
that with the increase of velocity wetting delay decreases.
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Fig. 5. Wetting delay for different water jet velocity (a) water at T; = 300°C; (b) cutting fluid at T;= 250°C

With cutting fluid we got similar result for initial temp. 250 °C, 300 °C,400 °C and 450 °C.But in these cases the wetting
delay could not be determined for some velocities. Fig. 5b shows the variation in wetting delay at different jet velocities for
T; =250 °C. For this case we also get a good indication of the direct relation between wetting delay and jet velocity. Thus we
can say that the wetting delay decreases with the increase of jet velocity.

3.3.2. Effect of initial block temperature

The initial temperature of the test block is also influencial in terms of wetting delay. Generally the highly heated block will
take more time to become cool. So, the wetting delay should be higher. In our present study we got almost similar results for
most of the cases. Although in some cases the wetting delay could not be exactly found. The wetting delay for different
initial block temperature with different velocities have been plotted in this section for both water and cutting fluid . The
wetting delay for water at different initial block temperatures for V=3 m/s is shown in the Fig. 6a. From this figure we see
that with the increase of initial block temperature, wetting delay increases except for 250 °C.
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In case of cutting fluid the relationship between the wetting delay and the initial block temperature is not as clear as water.
The wetting delay for cutting fluid at different initial block temperatures for V = 10 m/s also shows similar results as shown
in Fig. 6b. Thus we can say that the relationship between wetting delay and initial block temperature was almost similar in
all the cases except some variations.

4. Conclusions

The study has focused on the wetting delay parameter which is very important in investigating the underlying mechanisms
of quenching process. Therefore, from the observations of the movement of wetting front and wetting delay the following
conclusions can be drawn:

1. The wetting delay for brass block during jet impingement of water was very significant and easily identified in most
of the cases. But in some cases we could not clearly identify the wetting delay.

2. The wetting delay during jet impingement of cutting fluid was not as clear as water though in some cases we got
good indication of the wetting delay.

3. The wetting delay in case of cutting fluid is much higher than that of water. This is due to the fact that the cutting
fluid we used is a 1:20 mixture of cutting oil (used in machine shop) and water. So the thermal conductivity of water
was decreased as well as the heat removal rate.

4. In case of cutting fluid the wetting front took a long time to propagate and in some cases with lower velocities the
whole surface could not be wetted by the jet. This is because the surface becomes oily just after the jet strikes the
block which resist the front to propagate.

5. The resident time of wetting front increases with increasing initial temperature and with decreasing jet velocity. The
higher velocity removes the heat quickly from the heated surface and therefore the wetting delay is less.
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Abstract

Performance of a flange joint is characterized mainly by its ‘strength’ and ‘sealing capability’. A number of analytical and experimental
studies have been conducted to study these characteristics under internal pressure loading. However, with the advent of new technological
trends for high temperature and pressure applications, an increased demand for analysis is recognized. The effect of steady-state thermal
loading makes the problem more complex as it leads to combined application of internal pressure and temperature. Structural and thermal
analysis of a gasketed flange was computationally simulated by a finite element method and probabilistically evaluated in view of the
several uncertainties in the performance parameters. Cumulative distribution functions and sensitivity factors were computed for Stress
Intensities and VVon Mises Stresses due to the structural and thermodynamic random variables. These results can be used to quickly
identify the most critical design variables in order to optimize the design and make it cost effective. The analysis leads to the selection of
the appropriate measurements to be used in structural and heat transfer analysis and to the identification of both the most critical
measurements and parameters. Conventional engineering design methods are generally deterministic. But in reality, many engineering
systems are stochastic in nature where a probability assessment of the results becomes a necessity. This probabilistic engineering design
analysis assumes probability distributions of design parameters, instead of mean values only. This enables the designer to design for a
specific reliability and hence maximize safety and quality and cost. In the present work, thermal and structural analysis on the flange was
performed to obtain the areas of maximum stress under the given boundary conditions. The product was modeled and then

Key words: Probabilistic analysis, finite element analysis, gasketed flange, thermal analysis

Keywords: Probabilistic analysis, finite element analysis, gasketed flange, thermal analysi

1. Introduction

Gasketed flange joints have been widely used in industry and have been the subject of detailed research for many
centuries. The most significant contribution is by Waters et al. [1], for comprehensive flange design and became the basis of
the well-known Taylor Forge method, which involves modeling of the joint elements using simplified plate and shell theory
with known boundary conditions, and then combining the elements to derive stresses in various parts. Wide acceptance and
the relative simplicity in its application has made the Taylor Forge method the most widely used flange design technique
and is the basis of BS 5500 [2], ASME VIII [3] and many other codes. Murray and Stuart [4] performed flange analysis for
taper hub flange, removing many of the assumptions of Water’s model. A number of numerical studies are available for
internal pressure loading only [5, 6]. Extensive experimental studies for combined internal pressure, axial and bending
loading were performed by Abid et al. [7] to observe a joint’s behavior.

To cost effectively accomplish the design task, we need to formally quantify the effect of uncertainties (variables)
in the design. Probabilistic design is one effective method to formally quantify the effect of uncertainties. In the present
study, a probabilistic analysis is presented for the influence of measurement accuracy on the random variables for Stress
Intensities and VVon Mises stresses from a Flange Assembly. Small perturbation approach is used for the finite element
methods to compute the sensitivity of the response to small fluctuations of the random variables present. The result is a
parametric representation of the response in terms of a set of random variables, which can be used to estimate the
characteristics of the selected response variables such as stresses, heat transfer rate, pressure or temperature at a given point.
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2. Model and the Approach

The flange assembly in question is a conventional gasketed flange attached to a pipe of the same material and
bolted to the other mirrored flange with a gasket in between them. The material for the flange and the pipe is ASTM A105,
the bolt is ASTM A193 and the gasket is ASTM A182. The bolt-up pressure is 254 MPa. This is a pre-load on the model.
The flanges are free to move in either the axial or the radial direction. This provides flange rotation and the exact behavior
of stress in the flange, bolt and gasket. Symmetry conditions are applied to the gasket lower portion, both sides of the
gasket, bolt cross-sectional area, both sides of the flange ring and the attached pipe. Bolts are constrained in the radial and
tangential directions. A nominal pre-load of about 35% (254 MPa) of the yield strength of the bolt (723 MPa) is chosen as
per the achieved maximum strain in the bolt at the applied torque of 505 N m, Abid et al. [5,7,16]. The associated ASME
code does not specify the magnitude of pre-load for the bolts, only a minimum seating stress that relates to the gasket style
and composition. There is a heated fluid flowing inside the assembly with an internal pressure of 15.4 MPa. The
temperature of the fluid is 100°C and the ambient temperature is 20°C. The internal heat transfer coefficient (h;) is 150
W/m?per°C while the outside heat transfer coefficient (h.,) is 20 W/m?per°C. The young’s modulus, Poisson ratio and other
structural and thermal properties are taken for the materials specified.

The objective of the present work is to analyze, test and verify the area of maximum stress concentration and
deformation in the flange joint. The work was based on the information provided by Abid M, Nash DH [5]. Deterministic
analysis was performed using Finite Element Analysis (FEA) using the software ALGOR to find the locations of stress
concentration. The results obtained were verified with Abid M. [8] and were found to be matching. A probabilistic analysis
was performed using the NESSUS analysis software [11] to find the structural reliability and critical design parameters.

FLANGE ASSEMBLY

Figure 1: Solid Model of the Flange Assembly

We performed a mesh convergence study manually. The following basic steps were required:
e Create a mesh using the fewest, reasonable number of elements and analyze the model.
e Recreate the mesh with a denser element distribution, re-analyze it, and compare the results to those of the previous
mesh.
e Keep increasing the mesh density and re-analyzing the model until the results converge satisfactorily.
This type of mesh convergence study enables to obtain an accurate solution with a mesh that is sufficiently dense and not
overly demanding of computing resources. The model was analyzed with appropriate set of boundary conditions and
material properties to find the temperature distribution. This is required to evaluate the thermal stresses in structural
analysis.
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Model name: flange assembly(mtrls applied, temp applied)
Study name: Study 1

Plot type: Thermal Thermall
Time step: 1
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Figure 2 Temperature Distribution

hodel name: Final Flange Assembly (22.5)
Study name: Study 1

Plot type: Thermal Thermall

Time step: 1

Temp (Celsius)
88.5
l 858
. 832
. 806
- 780
- 754
- 728
- 701
. B75
. B49
623
SO

571

Figure3: Sectional View of VVon Mises Stress distribution



R S Reddy Gorla/ Procedia Engineering 00 (2012) 000-000
3. Results and Discussion

The temperature distribution is shown in Figure 2. The thermal stresses were analyzed from this temperature
distribution (by linking it to the thermal analysis). Mechanical stresses were determined from the internal pressure and
thermal effects. Maximum Von Mises Stress of 253.2 MPa and Maximum Stress Intensity of 282.4 MPa were found on the
hub flange fillet and on the shoulder just below the flange-shoulder intersection.

The probabilistic analysis was carried out based on the first order reliability method (FORM). Forty random
variables were used to compute maximum stresses on various probability levels for each of the two stresses viz. Von Mises
Stress and Stress Intensity. Variation on Stresses due to the variation of each of the 40 random variables.

Cumulative distribution functions (CDF) and the sensitivity factors were developed by applying First order
reliability method through NESSUS. Cumulative distribution functions for Maximum Von Mises Stress & Stress Intensity
are shown in Figure 4. An important aspect of the FORM is the probabilistic sensitivity factors which help to identify the
variables that contribute most of the reliability of the design. Probabilistic sensitivity factors include the sensitivity of p
(Probability levels) with respect to a change in the mean value or the standard deviation of each random variable [11]. All
random variables were assumed to be independent. A scatter of £10% was specified for all the random variables. This
variation amounted for two standard deviations. Normal distribution was assumed for all random variables. Maximum stress
location was determined from a pre-analysis of the flange. This location was used to evaluate the cumulative distribution
functions (CDF) and the sensitivity factors for stress response. The sensitivities for each of the Von Mises Stresses as a
response are shown in the Figure 5. We observe that the overall model thickness, flange height, shoulder height, gasket
inner diameter and bolt pressure have a huge influence on the maximum stresses followed closely by flange outside
diameter, shoulder outside diameter, thermal conductivity, Poisson’s ratio, tensile strength and yield strength.
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4. Conclusions

Conventional engineering design methods are deterministic. The components of a machine are considered as ideal
systems and parameter optimizations provide single point estimates of the system response. In reality, many engineering
systems are stochastic where a probability assessment of the results is required. Probabilistic engineering design analysis
assumes probability distributions of design parameters, instead of mean values only. This enables the designer to design for
a specific reliability and hence maximize safety, quality and cost. The approaches for incorporating probabilistic effects in
design include the use of factors of safety, the use of the worst case design and the use of probabilistic design. Utilizing the
uncertainties in the estimations, deterministic engineering design uses factors of safety to assure that the nominal
operational condition does not come too close to the point where the system will fail. The approximation of minimum
properties and maximum loads known as the absolute worst case gives information about this critical point. This approach
limits the optimization capability of a system and fails to provide important information about the system lifetime.

In this paper, deterministic method was supported by non-deterministic approach to find out the parameters
responsible for the development of stresses. The novelty in this approach is the probabilistic evaluation of the finite element
solution for the design problem. Cumulative distribution functions (CDF) and sensitivity factors were computed for Von
Mises Stresses and Stress Intensities generated due to random variables in the design. Our goals were to first check for the
area of maximum stresses and deformation and then carry out the probabilistic analysis to get a better picture of the effect of
random variables on the stresses. Probabilistic analysis helps the designer to choose a suitable material/ geometry from the
available set of parameters. The cumulative distribution functions (CDF) completely describes the probability distribution of
a real-valued random variable. Sensitivity factors provide information about the relative importance of the variability or
uncertainty of all of the input variables and their influence on the resulting fatigue life. These are the parameters the
designer will be looking for designing an optimum reliability based design. Slight alteration of those will have a significant
impact on the performance of the design in practical conditions.
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Abstract

The use of nonconductive ceramic materials is increasing rapidly in industrial and engineering applications due to its high hardness, low
thermal conductivity, and resistance to oxidation. Machining operations for fabricating structures from nonconductive ceramic materials
are difficult and most of the traditional machining techniques are not applicable because of its high brittleness. Electro discharge
machining (EDM) technique, a noncontact machining process, is applied for processing nonconductive ceramic ZrO, using assisting
electrode. In this technique, pyrolytic carbon layer on the ceramic surface formed by the cracked carbon from the carbonic dielectric,
plays the key role for continuous EDM. The formation of pyrolytic carbon and its stability depends upon the input power, workpiece
material, tool electrode material, dielectric substance, polarity, and discharge duration. In this study, experiments were done to investigate
the effect of input power on the material removal rate (MRR) and to explore the material removal mechanism. The experimental results
show that the material is removed in EDM of nonconductive ZrO, ceramic mostly by spalling and it increases with the increase of input
power.

© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society
of Mechanical Engineers

Keywords: Nonconductive ceramic; Electro discharge machining; Assisting electrode; Pyrolytic carbon.

1. Introduction

Nonconductive ceramics are composed of metallic and non-metallic elements. The covalent and ionic bonds of elements
make these ceramics much stronger than metals. Nonconductive ceramics are also known as engineering ceramics or
advanced ceramic materials. Due to the excellent chemical and physical properties, nonconductive ceramics have been
using for many years in automotive spark plugs as an electrical insulator and high temperature resistant. They are now used
in multifarious fabrication of domestic, industrial, building products and art objects. Examples include cutting tools, self-
lubricating bearings, turbine blades, internal combustion engines, heat exchangers, ballistic armour, ceramic composite
automotive brakes, diesel particulate filters, a wide variety of prosthetic products, piezo-ceramic sensors [1]. Currently,
micro-parts made of engineering ceramics are used in biomedical field to fabricate femoral heads and acetabular cups for
total hip replacement, dental implants and restorations, bone fillers and scaffolds for tissue engineering. In near future, the
need for tough, strong and stable bioinert ceramics should be met by either nano-structured Al,O3; and ZrO, based ceramics
and composites or by non-oxide ceramics [2], [3]. Nonconductive ceramics cannot be machined by traditional metallic tools
because of their high brittleness and hardness. Hence, nonconventional machining such as chemical machining, abrasive
water jet machining, ultrasonic machining, laser beam machining, electro discharge machining are used in processing of
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structures from nonconductive ceramic materials [4]. EDM is a known process for producing structures from electrically
conductive materials with high dimensional accuracy and good surface finish. Most of the engineering ceramics such as
Al,O3, ZrO, SigN4 and SiC are electrically nonconductive. Therefore, to apply EDM for structuring nonconductive ceramic
materials, a basic technique is developed in which a conductive metallic layer is applied on the surface of the workpiece [5].
This additional conductive metallic layer is referred as assisting electrode (AE). The initial electrical sparks occur in the
machining gap between the tool electrode and the assisting conductive electrode. In this method, kerosene is used as
dielectric fluid. After the finishing of AE layer, carbon particles are cracked due to the disassociation of kerosene molecule
at high instantaneous energy and create a layer of pyrolytic carbon on the machined surface of the electrically
nonconductive ceramic. This carbonic layer provides the essential electrical conductivity to progress the process. Adhesive
copper or aluminium foil, coating of graphite or carbon, silver varnish and copper, silver or gold sputtered on the workpiece
surface can be used as AE [6], [7], [8]. Machining of SizN,4, SiC and ZrO, has been done successfully by EDM using
assisting electrode and pyrolytic carbon technique. But in processing of Al,O5 the creation of conductive pyrolytic carbon
layer at high temperature during EDM discharge is quite different compared to other engineering ceramics. The formation
of pyrolytic carbon layer on the Al,O3substrate depends upon the degree of purity of the material. In EDM of low purity
and porous Al,QOg, the pyrolytic layer can be created during the process. But it does not form on the surface of highly pure
Al,O5 ceramic [9]. It is observed that the free energy of forming A1,C; is rather high as compared to those of ZrC. As a
result, creation of conductive pyrolytic carbon layer on Al1,0; is very difficult and machining becomes unstable [10].
Microstructures from insulating SisN,4 are successfully fabricated by EDM using AE method in which copper and carbon
powder is mixed and applied on ceramic surface [11]. AE method also can be applied in electro discharge milling for
nonconductive ceramics [1], [12]. In this process, a conductive metallic wheel is used as tool electrode mounted on a rotary
spindle driven by an AC motor. The tool electrode and the assisting electrode are connected to the positive and negative
poles of the pulse generator respectively. The insulating ceramic workpiece is mounted on a numerically controlled table.
Thin conductive metallic sheet is supplied continuously on the workpiece. So, water also can be used as dielectric. Adhesive
copper and aluminium foil are used in EDM of ZrO, to get the optimized machining parameters in certain machining
conditions [13]. The microstructures of high aspect ratio from nonconductive ZrO, have been fabricated successful by
micro-EDM with a special arrangement of tool electrode [6]. The effect of electrode material on EDM of Al,O; is
investigated using copper, graphite (Poco EDM-3) and copper-infiltrated-graphite (Poco EDM-C3) electrodes. The results
show that Al,O3 cannot be machined with pure copper electrode with positive polarity. But graphite tool electrodes can be
used with both the polarities. Positive tool polarity gives higher MRR and less electrode wear rate (EWR) [14]. In EDM of
conductive materials, material is removed mostly by melting and evaporation, but the main material removal mechanism in
EDM of nonconductive ceramics is spalling which occurs due to the alternating thermal load of the electrical sparks [6],
[15], [16]. Thus material removal is influenced greatly by the input energy level [15], [17]. Several works have been done to
investigate the effect of parameters such as voltage, current, discharge duration on MRR in EDM of nonconductive
ceramics, but the effect of input power on MRR in EDM of nonconductive ceramics is not known. Precise removal of
material (i.e. MRR) is essential to know to fabricate intricate and micro product. This paper aims to investigate the effect of
input power on the continuous machining of nonconductive ceramics and investigate the spalling effect in EDM of ZrO,
ceramic.

2. Experimental

The schematic diagram of the experimental setup of EDM for nonconductive ceramic with the AE is shown in Fig 1.
The machining has been conducted using NC die-sinking EDM machine (EX22, Mitsubishi, Japan). In the present
experiments, 92% pure ZrO, ceramic plate (20 mm x 15 mm x 10 mm) is used as workpiece. The properties of the
workpiece material are listed in the Table 1. The copper tool electrode (3 mm x 3 mm) is used. The workpiece and the tool
electrode were cleaned by acetone before machining. Since the workpiece is electrically nonconductive, its surface is
covered by an adhesive copper layer to occur the sparks. After the removal of this external layer, a new conductive layer is
created instantaneously on the machined surface using cracked carbon combined with the debris of tool electrode material.
This layer acts further as an assisting electrode. Copper foil has excellent electrical conductivity and easy to remove after
machining without any damage. After machining, the workpiece is cleaned again by acetone before weighing. Electronic
balance (B204-S Mettler Toledo, Switzerland) is used to take the weight of workpiece before and after the machining. The
important machining parameters used in the experiments are summarized in the Table 2. To investigate the effect of input
power in EDM of nonconductive ceramics, experiments are done varying the input power keeping other parameters
constant.
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3. Results and discussions

The ZrO, ceramic workpiece machined by EDM is shown in Fig. 2 and SEM images of machined surface are shown in
Fig. 3. Cavities of various depths such as 1 mm, 2 mm, and 4 mm are created on the ZrO, workpiece. The pyrolytic carbon
layer on the machined surface is produced continuously using kerosene as dielectric fluid and adhesive copper foil as initial
assisting electrode. The main material removal mechanism in EDM of nonconductive ceramic materials is spalling.
However, a small fraction of ceramic materials can be removed by melting and vaporization [6]. In the SEM images, several
cracks are observed and it clearly reveals that the most of the material is removed due to spalling. Spalling also depends on
the input energy. A minimum input power is required to create the pyrolytic carbon layer on the ceramic surface. The
present experiment shows that at lower input powers, EDM could not be progressed on ZrO,. The minimum input power of
1.1 KVA could start the machining creating a thin layer of pyrolytic carbon with very low MRR. Stable machining is
attained at 1.2 KVVA and more materials are removed at increased input powers. The effect of input power on the MRR is
shown in Fig. 4. It is evident that MRR increases with the increase of input power at initial stages. This trend remains same
from the input power of 1.1 KVA until 1.3 KVA. From 1.3 to 1.4 KVA, it is increased at lower rate (curve is less stiff).
However, more experiments are needed to confirm the trend.

Spindle feed mechanism
(servo mechanism)

Pulse current

Tool electrode

Work Tank »
Cu assisting _ — — ___ — High
electrode — — — frequency

Clamping

| i
<<

Machine unit

pulse power

Fig. 1. Schematic diagram of the experimental setup

Table 1. Physical properties of workpiece material

Power supply panel

Property Value

Hardness (Hv) 1270

Melting temperature (°C) 2720

Thermal conductivity (W/m K) 2

Specific heat capacity (3/g°C) 0.4

Specific gravity (g/cm?) 5.68

Electrical resistivity (Q-cm) 1010
Table 2. The EDM conditions

Working conditions Description

Tool electrode Cu

Tool polarity -ve

Input power (KVA) 11,12,13,14

Pulse-on-time, Ton (US) 12

Pulse-off-time, Tos (US) 12

Assisting electrode Adhesive Cu foil

Dielectric fluid Kerosene
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Fig. 2. Three by three millimetres sized square cavities on ZrO, ceramic workpiece machined by EDM using adhesive copper foil as assisting
electrode, copper tool electrode with —ve polarity at To»=12 ps and Tor =12 ps . Input power A : 1.3 KVA, B : 1.4 KVA

Fig. 3. Magnified SEM images of rectangular box of window A and B in EDMed ZrO, surface (a) window A in Fig. 2 (b) window B in Fig. 2 (M:
melting, S : spalling)

0.3 -
) 1
g 02
% 0.1 -
0 T T T T 1

1 1.1 1.2 1.3 1.4 1.5
Input Power (KW A)

Fig. 4. The effect of IP on MRR in EDM of nonconductive ZrO, using adhesive copper foil as assisting electrode, copper tool electrode with —ve
polarity at Tor=12 ps and Te =12 ps
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The reason can be explained by the Equation (1) [15].

E
F=p | )
TonT off

where, F is the maximum of the discharge force, £ is the integral of C,/C,, p is the density of dielectric, E is the energy in
the single pulse, T, is the pulse-on-time, Ty is the pulse-off-time, I is the spark gap. It can be seen from “Equation (1),” the
discharge force increases with an increase in the discharge energy. Thus, the amounts of workpiece material removed
increase with an increase in the energy supplied. But it is observed that material removal is decreasing at higher energy
level. In this stages, more power results rapid removal of base material with higher alternating thermal load. The pyrolytic
carbon layer also is washed away rapidly from the machined surface before attaining desired thickness. Dielectric strength is
very important in EDM of advanced ceramics. At higher input power, kerosene produces more free carbon particles and
dielectric strength is reduced consequently. In this condition, rate of pyrolytic carbon formation is also reduced that may be
another reason for decreasing MRR at higher input power in EDM of nonconductive ceramic materials.

4, Conclusions

Nonconductive ZrO, ceramic was machined by die-sinking EDM machine applying assisting electrode method. The
effect of input power on material removal characteristics was investigated. Following conclusions can be drawn from the
experimental observations and results.

1. Using adhesive copper foil as assisting electrode and copper tool electrode with —ve polarity in kerosene dielectric,
EDM of nonconductive ZrO, ceramic is done effectively (Fig. 2).

2. In the EDM of nonconductive ZrO, ceramic, the material is removed mainly by spalling (Fig. 3a). A little amount of
material is removed by melting and vaporization (Fig.3b).

3. The material removal can be increased by increasing the input power keeping other parameters constant (Fig.4).

4.  After EDM, the external copper layer can be removed from the ceramic surface easily (Fig. 2).

5. Further experiments are needed to investigate the effect of higher IP on MRR.
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Abstract

Nanostructured WO3 films are prepared on p-Si substrate by facing target sputtering (FTS) method with sputtering pressure, 0.1 Pa and
200W. The sample is annealed at 850°C in air with 5°C/min. The as-deposited and annealed WO3 films have been characterized by the
Grazing incidence X-ray diffractometer, Field emission electron microscopy, and Ultraviolet-visible spectrophotometer. The surface
morphology of the WO3 films strongly depends on the annealing temperature. An average diameter of the WO3 nanorod is 5-6 pm long
and 800 nm diameter. It is revealed from optical study that the band-gap energy of WOS3 films is around 2.85 eV. The surface morphology
of nanostructured WO3 films has been discussed with the increase of annealing temperature.

© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society
of Mechanical Engineers

Keywords: facing target sputtering,annealed, as-deposited, tungsten oxide,p-Si substrate.

Nomenclature

D Crystallite size (nm)

A Edge width parameter

Greek symbols

A Wavelength (nm)

1% Diffraction angle (Deg.)

p Full Width Half Maxima (FWHM)
a Absorption coefficient (a. u.)

hy Photon energy (eV)

1. Introduction

Hierarchical self-assembly of nanosized building blocks, including nanowires, nanobelts, nanoplatelets, nanotubes, etc. is an
important process for the fabrication of functional electronic and photonic Nanodevices[1]. In this regard, remarkable
progress has been made for the synthesis of complex inorganic materials with controlled architectures, sizes, morphologies,
and patterns since these parameters represent key elements that determine their electrical and optical properties [2]. Among
transition metal oxides, tungsten trioxide (WO,) is of great interest and has been investigated extensively due to its many
interesting structural and defect properties. Numerous applications of WO; optical and electronic based devices include
electrochromic (EC) smart windows, flat panel displays, tunable EC photonic crystals [3], gas sensors[4, 5], water splitters,
dye sensitized solar cells and batteries. For the fabrication of many of such devices and increasing their efficiencies,
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nanostructured WOj; films are required to be “thick and porous” enough to provide sufficient volume for producing high
interaction areas. Besides, synthesis and assembly of “specific crystallographic phase” can further improve the
characteristics of WO;. Tungsten oxide (WQs) is an n-type semiconductor and has been investigated extensively owing to
their promising physical and chemical properties [6]. WO3 shows good optical properties and proper chemical stability; that
is, Eg in the range of 2.5-2.8 eV (A of 400-450 nm) is very suitable for the energy region of visible light [7, 8]. The
synthesis of one-dimensional (1D) nanostructures and the assembly of these nano meter-scale building blocks to form
ordered superstructures or complex functional architectures offer great opportunities for exploring their novel properties and
for the fabrication of nanodevices [9]. Thus for several techniques for the preparation of 1D tungsten oxide nanostructured
films have been developed [6].

The deposition of WO; nanostructured films by facing targets sputtering technique is the newest fabrication method of thin
films, with lower particle bombardment compared with the RF sputtering and DC sputtering, because of its special target
arrangement. The FTS apparatus are very effective systems for depositing high quality thin films because plasma perfectly
confines by the magnetic field between two targets. The thin films can be deposited in non-bombardment by electron
(“damage free”) conditions [10-12].

In this work, nanostructured WO; films have been deposited on Si-based substrate by using FTS method with sputtering
pressure of 0.1 Pa and annealed at 850°C. The structural, surface morphological properties of nanostructured WO; films
have been investigated and discussed.

Substrate
W Targets holder

Zn Targets

Fig. 1. Facing Target Sputtering system in our laboratory.
2. Experimental section

The FTS systems in our laboratory for preparing WOj; thin layer is shown in Fig. 1[13]. The distance between the target-to-
target, and the center of the targets' to the substrate were 100 mm and 50 mm, respectively. W rectangular plates (having
115 x 75 mm, thickness of 3 mm and purity of 99.95 %) were used as targets. The chamber was evacuated to a vacuum
level of 7x10™* Pa. The WO, nanoparticles were deposited reactively on Si-based substrate for 2hrs at DC input power of
200 W with sputtering pressure of 0.1 Pa and a fixed Ar to O, gas ratio (Gg) of 6:4 [14]. As-deposited WO3; nanoparticles
are annealing in a muffle furnace (TMF5, Thomas) under oxygen environment at 850°C for 2hrs, because as-deposited films
are the amorphous structure. The thickness (2 um) of the WO; films was determined with a mechanical surface roughness
meter (SURFCOM Accretech, 1500 DX) using the step between film and substrate. The crystal structures of the TiO, films
were determined by grazing incident X-ray diffraction (GIXRD) spectra (SHIMADZU XRD-6000) with Cu-Ka line. The
data were recorded from 26 values 20° to 80° with a step of 0.02. For GIXRD measurement incident angle was fixed at
0.45°. The optical properties of the films (prepared on glass substrate) were measured with JASCO V-550
spectrophotometer at room temperature within the wave length range 300-900 nm. The surface morphologies were studied
using field emission scanning electron microscope (FE-SEM) with Model: JEOL, FE-SEM 6700F.

3. Results and discussions

Figure 2 shows the GIXRD patterns of as-deposited and annealed WOj; thin film prepared on Si-based substrate. The
GIXRD patterns of the as-deposited WO; films are found to be amorphous in nature, but crystalline films were obtained
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when the film is annealed at high temperatures of 850 °C. The lines located at 23.12°, 23.6°, 24.28°, 28.80°, 47.24°, and
50.52° are assigned to the lattice plane reflection of triclinic WOj3; phase with lattice parameters a =0.7311 nm, b=0.7515
nm, and ¢=0.7679 nm (PC-PDF No. 83-0948). However, triclinic and monoclinic diffraction peaks almost overlap for many
20 values and it is difficult to discriminate between these two phases. On the other hand, according to the phase diagram,
the monoclinic and triclinic structures are the most common and coexist in WO4 at temperatures higher than 500 °C [15].
The crystallite size of the particles has been estimated from the Debye—Scherrer's equation using the GIXRD line
broadening as follows [16]: D =0.941/Bcos@, where D is the crystallite size, A is the wavelength of the X-ray radiation
(Cu Ka=0.15406 nm), 0 is the diffraction angle and B is the FWHM. A finite diffraction peak has been chosen for
calculation of crystallite size. The diffraction peak (002) has been chosen for calculation. The derived grain size is 12.3 nm
for the annealed WOj thin films.
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Fig.2. The GIXRD patterns of as-deposited and annealed WQO; thin films
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Fig.3. The optical transmittance spectra of as-deposited and annealed WOg3 thin films.

Figure 3 shows the transmittance spectra as a function of wavelength (300 - 800 nm) for as-deposited and oxygen-annealed
WOg; thin films, prepared in same conditions. The spectra of as-deposited WO; films show the usual interference pattern in
the range of low absorption with a sharp fall of transmittance at the band edge. The oxygen-annealed WO; thin film is
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yellowish in color. The oxygen-annealed WOj; films have less interference. It has been observed that the transmittance edge
shows the red-shift with the oxygen-annealed WO; films. It is may be due to the high crystallinity, observed within the
sample of investigation. The average transmittance in region varies from 78% to 60.5% with as-deposited and annealed
WOs; films, respectively.

We assume an indirect transition between the top of the valence band and the bottom of the conduction band in order to
estimate the optical band gap (Eg) of the films using the relation [18]: a(hv) oc A(hv—E g) where, « is absorption coefficient,
A is the edge width parameter and hv is the photon energy. Figure 3 shows the plots of (ochv)“2 versus the photon energy of
the films grown at different sputtering powers. The optical band gap of the films was determined from the extrapolation of
the linear plots of (zhv)"? versus hv at a=0. The optical band gap of the films is 3.04 and 2.85 eV for as-deposited and
annealed WO; films, respectively.
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Fig.4. (ahv)“? versus energy for as-deposited and annealed WO, thin films.
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Fig. 5. FE-SEM images of as-deposited and annealed WOj; thin films.

Figure 5 shows the surface structure and morphology of as-deposited and oxygen-annealed WOj; films. From the Fig. 5(a),
the as-deposited films have a smooth surface and nanograins are observed in a larger magnification, which reaffirms their
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amorphous nature. The average-size of the nanograins is 13-17 nm. Oxygen-annealing of the films at 450 °C not only
manifests in enhancement of particle size but also in a considerably different surface morphology. It is cleared from the Fig.
5(b) that the whole surface of this film is covered by nanorods and rectangular nanostructures. The average-size of each
nanorod is approximately 5-6 pm long and 800 nm diameter. The rectangular shape has cross-section of ~750x~750 nm.

4. Conclusion

The nanostructured WO; films were successfully deposited on Si-based substrate by FTS method with sputtering pressure of
0.1 Pa and annealed at 850°C. High crystalline film is achieved with annealed at high temperature. The whole surface is
covered with nanorods and rectangual nanostructures. As-deposited WO, films have amorphous structure. For the annealed
WO; films, the average-size of each nanorod is approximately 5-6 um long and 800 nm diameter. The rectangular shape has
cross-section of ~750x~750 nm. This nanostructured WO; films can be used for photocatalytic, electrochromic and solar
cells applications. The efficiency of these devices may be enhanced by increasing the thickness of WO3 films.

Acknowledgement
The authors would like to thank the University of Toyama, for measurement of GIXRD, UV-VIS, FE-SEM and AFM.

References

[1] Li, S. Z., Zhang, H., Wu, J. B., Ma, X. Y., Yang, D. R., 2006, Crystal Growth Des. 6, p. 351.

[2] Zhang, H., Yang, D.R., Li, D. S., Ma, X. Y., Li, S. Z,, Que, D. L., 2005, Crystal Growth Des. 5, p. 547.

[3] Boulmani, R., Bendahan, M., Lambert-Mauriat, C., Gillet, M., Aguir, K., 2007, Correlation between rf-sputtering
parameters and WO; sensor response towards 0zone, Sensors and Actuators B, 125, p. 622.

[4] Stankova, M., Vilanova, X., Llobet, E., Calderer, J., Bittencourt, C., Pireaux, J.J., Correig, X., 2005, Influence of the
annealing and operating temperatures on the gassensing properties of rf sputtered WO; thin-film sensors, Sensors and
Actuators B, 105, p. 271.

[5] Jimenez, I., Arbiol, J., Dezanneau, G., Cornet, A., Morant, J. R., 2003, Crystalline structure, defects and gas sensor
response to NO, and H,S of tungsten trioxide nanopowders, Sensors and Actuators B, 93, p. 475.

[6] Li, Y.B., Bando, Y.S., Golberg, D., 2003, Advanced Materials, 15, p. 1294.

[7]1 Nenadovich, M. T., Rajh, T., Micic, O. I., Nozik, A. J., 1984, Journal of Physics and Chemistry, 88, p. 5827.

[8] Maruska, H. P., Ghosh, A. K.,1978, Solar Energy, 20, p. 445.

[9] Gao, P.X., Wang, Z.L., 2002, Journal of Physics and Chemistry B., 106, p. 126533.

[10]Noda, K.., Kawanabe, T., Nace. M., 1999, Journal of Magnetics and Magnetic Materrials 193, p. 71.

[11] Nose, M., Nagae, T., Yokota, M., Saji S., 1999, Surface and Coating Technology 116-119, p. 296.

[12] Kim, K.H., Son, I.H., Song K.B., 2001, Applied Surface Science 169-170, p. 410-414, 2001.

[13]Hossain, M.F., Takahashi, T., Ahmed, T., 2011, International Conference on Mechanical Engineering and Renewable
Energy, Bangladesh.

[14]Hossain, M.F., Takahashi, T., 2010, Materials Chemistry and Physics 124, p. 940.

[15] Bittencourt, R., Landers, E., Llobet, G., Molas, X., Correig, M. A. P., Silva, J. E., Sueiras, Calderer, J., 2002, Journal
Electrochemical Society 149, p. H8.

[16] Cullity, B.D., 1978, Elements of X-ray Diffraction, Addison-Wesley, Reading, MA, USA.



Available online at www.sciencedirect.com

: —— Procedia
i SciVerse ScienceDirect Engineering

Procedia Engineering 00 (2012) 000-000

www.elsevier.com/locate/procedia

5" BSME International Conference on Thermal Engineering

Evaluation of Start of Crack Growth of Nuclear Material (SUS316NG)
using Ultrasonic

Islam Md. NURUL?, Yoshio ARAI® and Wakako ARAKI®

#Assistant professor, Department of Mechanical Engineering, Rajshahi University of Engineering and Technology,6204, Bangladesh.
Pcprofessor, Department of Mechanical Engineering, Saitama University,338-8570, Japan.

Abstract

The detection of small fatigue cracks is of particular interest because it is a key element of remaining life prediction. In the present study
low cycle fatigue crack initiation in austenitic stainless steel (SUS316NG) subjected to plane bending is observed and compared the
change of back-reflection intensity of ultrasonic wave using the scanning acoustic microscope. Ultrasonic data is recorded as a function of
the number of cycles and compared with slip band length measured optically. Surface observation using optical and scanning acoustic
microscopy revealed that with increasing the number of fatigue cycle the slip band density increased and the amplitude of back reflection
intensity gradually decreased before the slip band length increases. Due to the cyclic loading, dislocation density along persistent slip
bands increase. The attenuation of ultrasonic back reflection intensity is due to the dislocation damping and this mechanism was
considered.

© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society
of Mechanical Engineers
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Nomenclature

Anax maximum ultrasonic back reflection intensity

Ao reference value of ultrasonic back reflection intensity
Dpsp damage evolution in persistent slip band

elastic modulus

radius of crystal grain

dislocation loop length

current number of fatigue cycle

number of cycle to failure

frequency of ultrasonic wave

attenuation

poison’s ratio

stress

plastic strain amplitude

0 initial dislocation density

Aay average dislocation density

Apsh movable dislocation density in persistent slip band

a<e ~"zzrIm

>

* Corresponding author. Tel.: +88-0721-750319; fax: +88-0721-750319.
* E-mail address: nurul93213@yahoo.com



Author name / Procedia Engineering 00 (2012) 000-000
1. Introduction

It is well known that low cycle fatigue crack initiation process are often associated with slip band which emergence at the
free surface of metal and metallic alloys components subjected to cyclic loading “?. The transgranular crack initiation
process is a damage mechanism, also intergarnular cracking may occur in polycrystalline materials for high plastic strain
amplitude ®*. Cyclic plastic strain plays an important role during cyclic loading for the change of internal structure of
material. High plastic amplitude results surface relief generation, irreversible change in structure and fatigue crack growth
starts. Surface relief observation on polished surface gives the information of fatigue crack initiation as well as their growth
using high resolution method ©®. Due to easy and simplified instrumentation of ultrasonic method, it is used extensively as
a technique of progressive change detection of material properties. At the very beginning of cyclic loading, the coefficient
of attenuation increases linearly at slow rate but around 70-80% fatigue life, it increases rapidly 2. It also has been
reported that the high sensitivity and contactless aspects, electromagnetic acoustic transducer enabled to continuous
measurement of the resonance frequency and attenuation co-efficient during the fatigue process using the polycrystalline
copper®™. In these studies, measurements of average volume in field were done using low frequency transducer. In this
research, we measured the change of back-reflection intensity at the location where low cycle fatigue crack growth start in
stainless steel using the scanning acoustic microscope and corresponding surface observation by optical microscope and
proposed a method for evaluating remaining life of crack growth starts.

2. Materials and Methods

The material used in this experiment is a austenite stainless steel (JIS-SUS316NG) ™. Chemical compositions and
mechanical properties of tested material are given in Table 1 and Table 2 respectively. Fig. 1 shows the specimen shape and
dimensions. The center portion of the test piece was polished using a series of emery paper (1200, 1500, 2000 and 3000
grades) and finally buffing was done using 0.3um and 0.1um alumina powder in order to identify the slip bands that are
generated during the cyclic loading. Etching was done by using the solution of 40% water and 60% nitric acid to reveal the
microstructure after the crack growth starts. The microstructure is shown in Fig. 2. The measured average grain diameter is
100pm.

Table 1 Chemical composition [wt.%]

Cr Ni C N Mn Si S P Mo Cu B Co As Fe
17.4 119 0.02 007 169 031 0.002 0023 225 011 0.009 019 0.004 Bal

Table 2 Mechanical Properties

E (GPa) v 002 (MPa) OB (MPa)

190 0.25 261 583
all
40 ‘ 80 ‘ 40
T\QK T
Fan\ ah
P ol
g # ~
O 0
120

R60
Fig. 1. Specimen configuration [ unit: mm]

Flg. 2. Micro-structure of test specimen
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Strain controlled fatigue testing was performed on an electro-hydraulic material testing machine (MTS810). The loading was plane
bending. The strain ratio was -1, loading frequency was 1 Hz and environment was the atmospheric. After applying the prescribed fatigue
cycle, slip bands generation were observed using the optical microscope. The outline of ultrasonic apparatus is shown in Fig.3.
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Data Processing|
Device (PC)

Fig. 3. Ultrasonic apparatus

Ultrasonic waves generated from the transducer transmitted to the specimen surface through water. The incidence angle is 30° which is
larger than the critical angle, results in generation of surface waves. The surface waves were reflected by the grain boundaries. The leaky
reflected surface wave was received at the incidence point by the same transducer. Fig. 4 shows ultrasonic wave propagation path. The
central frequency of the transducer is 100 MHz, focal length is 12.5 mm in water and scan pitch is Spm.

Amax
Scanner, AD, PC
Water Transducer
Forward reflected wave Back reflected wave

Surface
wave

Grain boundary

Specimen

Fig. 4. Propagation path of the ultrasonic wave

3. Experimental Results

Fig. 5 shows the effect of plastic strain on the change of intergranular and transgranular crack growth and the density of slip lines. It is
found that change of transgranular crack growth to intergranular crack growth increased with increasing the plastic strain amplitude and
correspondingly intergranular crack growth to transgranular crack growth was decreased. This figure also shows the increase in density
of slip line with increase in plastic strain. Fig. 6 shows the ultrasonic microscope image at crack initiated location from where we can
detect and predict the start of crack growth simultaneously.
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Plastic strain amplitude [Agp]

Fig.5 Relationship between nature of crack growth and density of slip line to plastic strain amplitude
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In the ultrasonic microscope image, the inhomogeneous brightness distribution denotes the back reflection intensity from grain
boundaries. The rectangular mark indicates the location from where we can predict the start of crack growth by ultrasonic decrease and on
the circular mark indicates the location from where we can detect only. The brightness of the ultrasonic image in the rectangle marked
location, from N =1 - 5000 cycles is decreased due to fatigue damage accumulation and then starts to increase at N= 5300 cycles and
circle marked location brightness increased without tart to decrease. Fig. 7 shows the optical microscope observations on corresponding
number of cycles of ultrasonic microscope image at same location (rectangular mark) and found that before increasing the brightness, the
length of black line (indicated by arrow mark) remains unchanged but when the brightness start to increase correspondingly the length
of the black line start to increase which indicate the start of crack growth.

N= 4600 cycle N= 5300 cycle

Fig.6. Scanning acoustic microscope images

! k‘“! RN
N=5000 cycle

N=4600 cycle 'N=5300 cycle

Fig.7 Optical microscope images
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4. Discussion

Fig. 6 shows that the back reflection intensity starts to decrease due to increase in cyclic loading and again start to increase. In
corresponding optical microscope observations (Fig.7), we found that the length of the black line remains unchanged during ultrasonic
decrease, but this black line length started to increase at the increase of back reflection intensity indicating the start of crack growth.
Dislocation damping is considered as a major factor for such change in ultrasonic property. Due to the cyclic loading, dislocation density
along persistent slip bands increase. The dislocation segments vibrate in response to ultrasonic stress wave and absorb the wave energy.
To discuss the change in ultrasonic back reflection intensity due to cyclic loading, we will review the relationship between the dislocation
density and attenuation. We assume a damage evolution model [15] in a crystal grain that includes PSBs relating Dpsg With plastic strain
range and number of fatigue cycle.

= N
Dess = Dess {1_ eXp(_KSAsp)} + {1_3Xp(_KN N_)} N>0 )

f
where BPSB is half the saturated value of D5, K, is a coefficient shows the dependency of Dpsg on the plastic strain amplitude, and

Ky is a coefficient shows the dependency of Dpgg on the number of cycles. The average dislocation density in the crystal grain including
PSBs becomes

Ay =Apsg X Dpgg + Ay @)
where A,g; is the movable dislocation density in PSBs and A, is the initial dislocation density of the grain. Using the value of A,
from Eq.(2), we can estimate the ultrasonic attenuation in the grain including PSBs and the back-reflection intensity from the grain using
[16, 17]

a=CA, L'f? ©)

A
% =exp{—2(oc1 _ao)H} 4

0
where C, is the material constant, L is the dislocation loop length, f is the frequency of the ultrasonic wave, O.jand O, are coefficients of
attenuation for the initial and current states, respectively, and H is the radius of the crystal grain[15]. To calculate the attenuation using
equation (3), we assume L, A,z and A, arel60 nm, 6.0x10"m™? and 1.0x10"m2[18,19] respectively. The critical value

—_max Mmax

is assumed as the average amount of decrease in over several PSBs from where the crack growth starts in the
0 0
experiment. The experimental and predicted values at start of crack growth using Dpsg model is shown in Fig. 8 and it is found that

predicted value is close to the experimental value.
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Fig.8. Relationship between back reflection intensity
and fraction of fatigue life from simulation and experiment.

5. Conclusion

From this research it is found that the back-reflection intensity decreases with increasing the number of fatigue cycles before start of
crack growth from PSBs. Monitoring this ultrasonic characteristic enables us to predict the remaining life of the fatigued stainless steel.
The results obtained are summarized as follows;
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1. Back reflection intensity from the boundary of grains where a PSB hegins decreases at about 60% of the life of start of crack growth,
until a large decrease about 30% occurs start of crack growth.

2. PSB damage evolution model can be used in order to predict the start of fatigue crack growth under variable total strain range
condition.
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