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1. Introduction

The vast majority of modern structural
components used in industry and power generation
are made of ductile cast iron. One such kind of
nodular cast iron is EN-GJS-400-18-LT which is
especially used for the manufacture of dynamically
loaded structural components. Due to fatigue
loading, damage accumulates preceding in crack
initiation and propagation which contributes to the
overall failure of the structure. Well known fact is
that the content of certain phases, i.e. ferritic and
pearlitic as well as the size and shape of the
graphite nodules influences significantly fracture
toughness and fatigue life.

Since the object of this paper is the cast iron
grade EN-GJS-400-18-LT, its nodules or graphite
spheroids in a ferritic matrix provide large ductility
and fatigue strength [1]. In order to prevent
component failure with catastrophic consequences
it is especially important to investigate the
influence of the microstructure on the before
mentioned material.

2. Materials and specimens

Four types of cast iron E3GJS—400—18-LT
produced by different technologies are considered.
For producing nodular cast iron, one nonstandard
technique (type 100) and three standard techniques
(Flotret — type 200, Tundish — type 300, and
Inmould — type 400) are used. The graphite
morphology of the casting types is shown in Fig. 1.

As it can be seen, material produced by the
Flotret process has significantly larger nodules
with low density distribution than the other three
types of nodular cast iron. Besides that, Flotret
material has graphite nodules with the lowest

circularity (irregularly shaped nodules) and lower
content of pearlitic grain.
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Fig. 1. Microstructure of the nodular cast iron for: a)
type 100; b) type 200; c) type 300 and d) type 400.

All uniaxial (monotonic and cyclic) as well as
fatigue tests are conducted at room temperature on
a Walter Bai servohydraulic testing machine with a
load capacity of £50 kN. Fig. 2 illustrates the
schematic shape and geometry of specimens used
for experimental part of research.

315 _‘
a) b)
Fig. 2. Shape and dimensions of specimens: a)
cylindrical specimen for monotonic and cyclic testing
and b) CT specimen.

It comprises a smooth polished cylindrical
specimens used for monotonic and cyclic
symmetric and unsymmetric tests as well as
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compact tension (CT) specimens for fatigue crack
growth according to the standards ASTM E606
and ASTM E647.

3. Experimental investigation

Mechanical properties as well as Ramberg-
Osgood’s material parameters of nodular cast iron
grade EN-GJS-400-18-LT are systematically
presented in Tab. 1 as well as in Fig. 3 depicted by
true stress— strain curves.

Material oy oy E K

Series [MPa] | [MPa] | [GPa] | [MPa] "

Nonstandard | 286.4 | 435.1 | 163.4 | 700.4 | 0.1726

Flotret 244.0 | 385.8 | 180.0 | 630.4 | 0.1809

Tundish 250.0 | 402.0 | 215.9 | 666.7 | 0.1869

Inmould 255.8 | 417.2 | 199.9 | 691.3 | 0.1868

Tab. 1. Mechanical properties of nodular cast iron grade
EN-GJS-400-18-LT.
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Fig. 3. Monotonic tensile tests (true stress— strain
curves) for four different types of nodular cast iron
grade EN-GJS-400-18-LT.

Representative ~ cyclic ~ symmetrical  test
(Ae/2=£0.8%) is presented in Fig. 4 due to
conciseness of this paper. More data can be found
in [2]. As one can see, significant cyclic hardening
is observed.
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Fig. 4. Representative symmetrical stress—strain
hysteresis loops.

Cyclic tests are carried out with the constant
strain rate of 107 s limited by applied strain
amplitude (Ae/2). For symmetric cyclic test,
different strain amplitude is applied from the 0.2%
up to the 1.2% with the increment of 0.2%. In
these tests mean strain is always equal to zero. In

each test, 40 stress—strain hysteresis loops are
obtained which is more than enough to achieve a
stabilized material behaviour; in fact stabilization
of material is achieved after approximately 15
cycles, which was evident from decreased
difference between two adjoining stress ranges.
Monitoring and recording of crack length during
the tests is performed by an optical measuring
system Aramis [3]. The tests are conducted on the
compact tension (CT) specimens (Fig. 2b).

Fig. 5 shows that Tundish type of material (blue
curve) can withstand the largest number of loading
cycles till the final fracture, while the Flotret type
(black curve) of material shows the least resistance
for crack propagation.
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Fig. 5. Number of cycles vs. crack length for R=0.1

4. Conclusion

Experimental results show that size, shape and
distribution of the graphite nodules has no
significant influence on cyclic hardening of the
material but they play a great role in the crack
initiation and propagation process. It is shown that
the larger irregularly shaped nodules reduce
mechanical properties as well as fracture toughness
and fatigue strength.
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1. Introduction

The hypoeutectic Al-Si-Mg based alloys are the
most popular alloys of the casting industry world-
wide with a highly desirable combination of
characteristics, such as excellent castability,
weldability, low thermal expansion coefficient,
good corrosion resistance, and machinability.
Addition of Mg results in good mechanical
properties after heat treatment. These properties
lead to the application of Al-Si-Mg alloys in
automotive industry, especially for wheels,
structural castings and suspension parts requiring
moderate to high strength and good ductility [1].

Mechanical properties are principally controlled
by the cast structure. Microstructure evolution of
hypoeutectic Al-Si-Mg alloys during solidification
is in two stages: primary dendrite Al phase
formation (a-matrix), and the subsequent eutectic
transformation (eutectic Si particles in o-matrix)
The important influence on mechanical properties
of Al-Si-Mg alloys has the morphology of the
eutectic silicon [2]. Silicon is a faceted phase and
makes the Al-Si eutectic an irregular eutectic. The
brittleness of Si-crystals, of course, is the main
reason responsible for the poor properties of Al-Si
alloys since the large eutectic silicon particles lead
to premature crack initiation and fracture in tension
conditions [2]. It has been proven that modification
of eutectic silicon plays an important role in
improving the mechanical properties of hypo-
eutectic Al-Si alloys. Therefore, many efforts have
been made in the modification of casting Al-Si
alloys in order to achieve fine silicon phase with
beneficial shapes and distribution. The eutectic
silicon in AI-Si alloy can be modified using
chemical (addition of specific elements), quen-
ching (rapid freezing), outfield or superheating
modification [3-4].

Chemically induced modification results in a
fibrous or fine flake-like structure. In most foundry
applications it occurs by adding small concen-
trations of elements such as Sr, Na, and Sb. The
refinement of scale and distribution of the silicon
phase leads to a substantial improvement in me-
chanical properties. Alloys which are commonly
modified generally fall in the 5 - 12 % Si range [3].

The present study is a part of larger research
project, which was conducted to investigate and to
provide a better understanding microstructure
quality control of recycled Al-Si-Mg cast alloys.
The main objective of this work was to
demonstrate the modification effect by Sr on
microstructure and mechanical properties of
AlSi10MgMn cast alloy.

2. Material and experiment

As an experimental material was used
secondary near-eutectic AISilOMgMn cast alloy
(11 % Si, 0.15 % Fe, 0.42 % Mg, 0.066 % Mn,
0.034 % Cu, 0.076 % Ti and Al balance). The
secondary alloy (prepared by recycling of alumi-
nium scrap) was received in the form of 12.5 kg
ingots. The melting process and the modification
were carried out in a graphite melting crucible in a
resistance oven. For the grain refinement process
was used refining by AICuAB6 salt and it was
carried out while overheating the metal bath to
730 °C + 5 °C. Sr was added to the melt in the
form of AlSr10 master in the range 0, 0.05 %,
0.1 % and 0.15 %.

In the experimental cast alloy, which has 11 %
Si, the microstructure (Fig. 1) consists of eutectics
(eutectic Si particles in a-matrix), o-phase and
variously type’s intermetallic phases. Fig. 1 shows
three-dimensional morphology of the eutectic Si
after Sr-modification. The microstructure seen in
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Fig. la reveals plate-like eutectic silicon. It is
obvious in Fig. 1b, Fig. Ic and Fig. 1d that the
eutectic Si platelets after addition of Sr changes
morphology from compact plate-like to fine stick.
Si-sticks in samples with 0.1 % and 0.15 % Sr
coarsen (first of all at the edge of a-matrix)
probably as a result of over-modification.

0.15 % Sr

Fig. 1. The morphology of eutectic Si,
deep etch. HCI1

In practice, quantity of introduced Sr amounts
to about 0.04 - 0.07 % [4]. However, there are
existing different opinions concerning optimal
additives of Sr introduced to Al-Si alloy, which
should assure complete and stable effect of
structure modification, and owing to it - high
mechanical properties. Too high contents of Sr in
the modified alloy is not required, because except
intensive susceptibility of the alloy to gassing, in
its structure can appear releases of brittle Al,SrSi,
phase, confirmed during metallographic tests as
early as above 0.06 % of Sr contents, what
deteriorates mechanical properties of the castings,
first of all ductility (Fig. 2) [1, 4].

The effect of Sr-amount to tensile strength and
ductility is shown in Fig. 2 and Fig. 3. Values of
ultimate tensile strength are determined by the
average of value of three test bars. Fig. 2 shows
that increasing amount of the modifying element
increases tensile strength from 146 MPa to 183
MPa. A remarkable increase in the strength is
observed in samples modified by 0.15 Sr (cca 25
%). Ductility for alloy modified with 0.05 % Sr

increases from 2.2 % to 4.3 % (about 95 %).
Higher amount of modifier (above 0.15 % Sr) has
led to a decrease of ductility.

200
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Fig. 2 Effect of Sr-modification to tensile strength
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Fig. 3 Effect of Sr-modification to ductility

3. Conclusion

Morphology of eutectic Si changes from compact
plate-like (0 % Sr) to fine stick (after
modification). Si-sticks in samples with 0.1 % and
0.15 % Sr coarsen probably as a result of over-
modification.

Increasing amount of the Sr increases tensile
strength and ductility. Higher amount of Sr (above
0.15 %) has led to a decrease of ductility.

In the last analysis (morphology of Si, mechanical
properties) probably amount 0.05 % Sr it will by
optimal.
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1. Introduction

Is know that 1 kg of aluminium in a car reduces
COy(eq) emissions by 19 kg during its whole
lifecycle. In addition, 5 - 7 % fuel savings can be
realized for every 10 % weight reduction by
substituting aluminium for heavier steel through
appropriate design. The application of aluminium
in passenger vehicles and light trucks manu-
factured in 2006 will lead to potential savings of
approximately 140 million tons of CO,(eq)
emissions and to energy savings of equivalent to
55 billion litres of crude oil over the lifecycle of
these vehicles. With the climate change of concern
and also due to the energy costly process of the
production of primary aluminium alloy, involving
bauxite mining, purification of alumina and a
molten salt electrolyte based on cryolite (Na;AlFg)
is increasing interest in the use and production of
secondary aluminium alloys [1].

The alloys of the Al-Si-Cu system have become
increasingly important in recent years, mainly in
the automotive industry that uses recycled
(secondary) aluminium in the form of various
motor mounts, pistons, cylinder heads, heat
exchangers, air conditioners, transmissions
housings, wheels, fenders and so on due to their
high strength at room and high temperature [2].

To this end, was studied hypoeutectic
secondary Al-cast alloy - AlSi9Cu3. This material
has good mechanical properties and casting
characteristics. Cu addition makes this alloy heat
treatable and hence improves its mechanical
properties by forming finer hardening phase
(ALLCu precipitate). Therefore the mechanical
properties depend of the microstructure (will
change as the microstructure changes) and changes
in microstructure depend of heat treatment, the

objective of this study is to understand the role of
structural parameters (o-matrix, Si-particles, Fe-
rich phases, secondary dendrite arm spacing -
SDAS) on the mechanical properties (especially
Vickers microhardness) during heat treatment [3].

2. Material and experiment

The experimental secondary Al-alloy (prepared
by recycling of aluminium scrap) was received in
the form of 12.5 kg ingots. Experimental material
was molten into the chill (chill casting). The
melting temperature was maintained at 760 °C +
5°C. Molten metal was purified with salt
AlCu4B6 before casting and was not modified or
grain refined. The chemical analysis of AISi9Cu3
cast alloy was carried out using an arc spark
spectroscopy and the chemical composition was:
Al-9.4Si-2.4Cu-0.24Mn-0.9Fe-0.28Mg (wt. %). In
the experimental cast alloy, which has 9.4 % Si,
the microstructure (Fig. 1) consists of eutectics
(eutectic Si particles in a-matrix), o-phase and
variously type’s Fe-rich (needle-like AlsFeSi
phase, skeleton-like Al;s(FeMn);Si, phase) and
Cu-rich (Al-Al,Cu-Si) intermetallic phases.

Fig. 1. The microstructure of AlSi9Cu3 cast alloy
in as-cast state, etch. Dix-Keller.
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The different intermetallic phases are
concentrated mainly in the interdendritic spaces.
The experimental material was not modified or
grain refined therefore eutectic Si was observed in
a form needles on scratch pattern of as-cast
samples (on deep-etcher samples in a form of large
hexagonal platelets) [4].

Experimental cast samples were given a age-
hardening, that consist of solution treatment by
515 °C with holding time 4 hours, water quenching
at 40 °C and artificial aging by different tempe-
rature 130, 150 and 170 °C with different holding
time 2, 4, 8, 16 and 32 hours. After age-hardening
were samples subjected for micro-hardness test
(HV 0.01) and microstructure observation.

2.1 Effect of age-hardening on structure

Due to solution treatment the needles of
eutectic Si were fragmentized and spheroidised
into smaller round particles. Size of these particles
was not affected with different temperature of
artificial aging. The temperature of artificial aging
130 °C and 150 °C caused only small changes in
morphology of intermetallic phases. Major changes
in morphology of intermetallic phases have been
reported after temperature of artificial aging
170 °C. In as-cast samples had the Fe-rich
intermetallic  phase acompact skeleton-like
morphology. During heat treatment compact phase
dissolved and fragmented to smaller skeleton
particles. The Fe-rich needles was shorted and
narrowed after age-hardening into small needles
phases. The Al-AlL,Cu-Si phase without heat
treatment (as-cast state) occurs in form compact
oval troops. After heat treatment compact Al-
AlLCu-Si phase disintegrates to separates Al,Cu
particles and redistributed within a-matrix. Cu also
creates dispersed intermetallic precipitates and
increases the overall matrix strength by a
mechanism called the precipitation strengthening
effect. Unfortunately, because these precipitates
are very fine, their area fractions can not be
quantified using image analysis combined with
light optical microscopy and scanning electron
microscopy [4].

2.2 Vickers microhardness

The matrix (o-phase) Vickers microhardness
was measured in HTW Dresden. The micro-
hardness measurements of the samples were
performed using a MHT-1 microhardness tester
under a lg load for 10 s (HV 0.01) at the room
temperature. Twenty measurements were taken per
sample and the median microhardness was
determined. Fig. 2 shows the change of a-phase
Vickers microhardness during age - hardening. It
can be found that the highest Vickers micro-

hardness was by temperature 170 °C with holding
time from 16 to 32 hours (176 HV 0.01).

—+—130 °C —=—150 °C ——170 °C
190

170 —
« 150
5 ~—
S 130
> ~—"
T 110 /

920

70

0 4 8 12 16 20 24 28 32

holding time [h]

Fig. 2. Effect of age-hardening on a-phases Vickers
microhardness.

The first aging peak for each temperature of
artificial aging was observed after holding time 2
hours. At intermediate stage of aging, after a little
decrease the microhardness increases again and
reaches the potential second peak. The final stage
of aging, when the hardness decreases as a result of
over-aging, was not observed. For temperature 130
and 170 °C was observed hardness high plateau.
The microhardness on samples aged at temperature
150 °C gradually increase. These changes in
microhardness related with changes in micro-
structure and substructure of samples.

3. Conclusion

Changes in structure and substructure of
materials led to increasing of a-phase Vickers
microhardness. The ,optimum" schedule for
mechanical properties is as follows: T6 - solution
treatment: 4 h at 515 °C; water quenching at 40 °C;
artificial aging: 16 h at 170 °C. This will produce
the following properties: Vicker microhardness of
a-phase = 176 HV 0.01 in compare with as-cast
state was of 44 % higher (78 HV 0.01).
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1. Introduction

The subject of this paper is the behavior of a
welded specimen subjected to tensile forces, with
the purpose of confirming results obtained by
experimental methods (digital image correlation)
using numerical simulation by finite element
method. The 3D optical strain and displacement
analysis using Digital image correlation represents
a useful experimental approach that helps to better
understand full displacement/strain fields of loaded
materials and structures [1,2,4].

During these experiments, numerous problems
are encountered, often involving the equipment
used, as well as the geometry and the inhomo-—
geneity of the specimen [1].

The results obtained by numerical simulations
were then compared to the existing ones, in order
to determine how well the strain distributions in
both cases comply with each other, i.e. to deter—
mine if the largest strains would occur in appro—
ximately same locations. In addition, the purpose
of this numerical simulation was to determine the
stress field for the whole specimen [1,2], including
locations that were not measured experimentally.

2. Methods

The experimental measuring was performed
using DIC. For this purpose, ARAMIS software
(GOM, Braunschweig, Germany) was used. The
specimen was subjected to tension and the
resulting displacement was used as input data for
the numerical model. Two materials were used in
the real specimen, C0361 steel for the base metal,
and VAC 60 as the weld metal. The welded joint is

overmatched, i.e. its yield strength is noticeably
greater than that of the base metal [3]. As a result,
plasticity occurred in the base metal.

The simulation was performed in ABAQUS
CAE (Dassault, France). Due to the specimen
symmetry along two planes, a quarter of the model
was used for the simulation. The load was given in
form of displacement control, with maximum
value of 18 mm, at the rate of 3mm/minute. The
geometry of the specimen is given in figure 1.

80 147
| a |

i — |

307

’ i
Fig. 1. Geometry of the specimen used in the
experiment.

Boundary conditions were defined in accor—
dance with the experiment and the fact that the
model geometry was approximated as a quarter of
the real specimen. Along the symmetry planes,
displacement was constrained in the direction
perpendicular to them. Additional constraints were
made on the parts of the upper and the lower
surfaces (figure 2) to simulate the grip surfaces of
the real specimen.
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Fig. 2. Boundary conditions

Due to high plasticity occurring in the model, a
mesh made of 20 node quadric brick elements
(C3D20) was used. Non-linear geometry option
was used for the same reason.

3. Results

The model was made simpler since in the
experiment, only one side of the specimen yielded,
due to structure flaws, and also in order to reduce
the total number of elements, and therefore make
the calculation simpler and faster [2,3].

Experimental displacement, obtained by DIC,
in longitudinal direction is presented in figure 3.

Displacement X

Stage 3 i)
age
Time 3.08s 18.0
16.0
—14.0
Stage 55
Time 61.12s 1 112.0
=
—10.0

Stage 130 !
Time 14440s [ 80
— 6.0
CoedEmd_ Stage 199 40
% " [Sesion Time 222.96 s 2.0
S =
-0.0

Fig. 3. Experimental results for displacements

Numerical results are given in the figure below.
Figure 4 shows the equivalent plastic strain distri—
bution at stage 130, along with the displacements.

U, Magnitude
+1.297e+01

+8.685e+00
+7.614e+00

+3.330e+00
+2.259e+00
+1.188e+00
‘ ~ +1.176e-01

Fig. 4. Plastic strain and displacement at stage 130

The above figure shows that highest plastic
strain occurs at the expected location. Displa—
cements in both cases are very similar as well.

4. Conclusion

Numerical and experimental results have shown
good compliance, especially regarding the distri—
bution of plastic strain, i.e. both specimens started
yielding at the approximately same time and
position. Experimental measuring using DIC,
along with numerical simulation using FEM gave
us insight into stress distribution and was con—
firmed as a reliable method for obtaining results
for displacements and strain in welded specimens.
Use of a simple model (quarter of the specimen),
as well as the correct choice of elements used in
the mesh has greatly improved the results obtained.
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1. Introduction

Magnesium alloys are attractive as structural
light-weight materials in the automotive and
aerospace industries for their extremely low
density, good cast ability and recyclability [1].
Recently, there has been a strong demand from
industries for the development of high strength
casting and wrought magnesium alloys. A great
amount of research has been performed to
enhance the strength level of the conventional
wrought magnesium alloys such as Mg—Al and
Mg—Zn based alloys. Despite this progress, the
highest strength of the ordinary cast Mg alloys
reported so far is no more than 414 MPa [2, 3,
4].

Deformation of Mg alloys at normal
temperatures causes that each grain is deformed
to the shape determined by nearby grains. The
preferred plane of Mg alloys for the formation
of twins is {1 0 12} in the slip direction [1 0
117 [5, 6]. Due to the slip deformation, which
tends to occur easily on the Mg basal plane at a
low critical shear stress, crystal orientation with
his basal plane on the surface negatively
influences the wear-resistance [7, 8]. As is
already known the AZ61 alloy has good plastic
properties, toughness and it is used in multiple
applications, replacing other Mg alloys [9]. The
aim of this study is to identify the influence of
plastic deformation on strength characteristics
of AZ61 Mg alloy with the addition of Ca by
the pressure deformation.

2. Experiments and Results

The semi product AZ61 alloy with addition
of 0.5 wt. % Ca was manufactured by squeeze -
casting in the form of a square plate. The
experimental material was heat treated to
achieve full polyhedrization of grains with
almost complete phase dissolution of the
dendritic structure. Heat treatment consisted of
dissolution annealing at temperature 490°C for
32 h and fast cooling to 60°C by water. After
cooling, the specimens were annealed for 5 h at

200°C in order to obtain a stable
microstructure. After heat treatment, the
specimen were prepared from experimental
material. The specimens were of square cross-
section 15 x 15 mm with length of 25 mm. One
side of surface was metallographically prepared
and etched so it was possible to identify all
structural components of the studied alloy.
After heat treatment, the microstructure was
formed by solid solution of aluminum and zinc
in magnesium (phase d) and other phases based
on Al-Ca-Mg, Al-Mn-Mg. In the polyhedral
grains precipitated particles of Mg;AlL, (y
phase) [9].

SEMHV: 30.00kV  chmikmi Lovv o loe ] \VE\TESCAg

Ny ——

Fig. 1: Plastic deformation realized by screw and
slip dislocations; (SEM)

After microstructure evaluation, a steel
indentor was pressed perpendicular to the
metallographically prepared surface.
Consequently, there was created a network of
slip bands, deformation twins and some grains
were shifted due the plastic deformation on the
surrounding area. The steel roller had a
diameter of 1 mm and the used strength was
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3800 and 7800 N. By the stress release in the
surrounding of the indentor there were formed
small cracks in several directions and some of
them, due to their propper orientation, formed
one or more magistral cracks.The change of the
direction of plastic deformation propagation
occured due to the presence of undissolved
phases in grains and also on grain boundaries,
which were present in the microstructure even
after heat treatment. The plastic deformation
was characterized by a combination of screw
and edge dislocation slip, formation of
deformation twins and fine cracks in the areas
of the highest tension stress during loading
(Fig. 1). The plastic deformation intensity was
caused by improper crystallographic orientation
of grains. In these grains, the process is not so
intensive  to  cause  significant  plastic
deformation of the grain surface. After
polishing of the deformed surface, there was
measured microhardness HV 0.1, so that the
change of the plastic deformation intensity was

80

. REDS =

0 1000 2000 3000 4000 5000 6000 7000

Distance [um]

Fig.2: The gradual change of hardness with
increasing distance from the bottom of the
indentation
documented in all the affected surface. The
gradual change of hardness with increasing
distance from the bottom of the indentation
place is shown in Fig. 2 (the points were
obtained as the average of 5 measurements). By
comparing of the hardness course and the
surface deformation relief it is possible to state
that there is a good correlation between them
and the hardness measurement is a suitable
method for evaluation of the plastic

deformation range in Mg alloys.

Conclusions

Based on experimental work it can be
concluded:

- the compression loading of experimental
specimens after heat treatment leads to slip
and twinning plastic deformation,

- in the surrounding area of the indentation
were created cracks and also cracking of

intermetallic phases present in the
microstructure was present ,

- changes in the intensity and distribution of
plastic deformation was caused by
deformation strengthening and shifting of
grain boundaries,

- measuring of the microhardness showed
increase of hardness in the places with the
highest plastic deformation in loading area.
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1. Introduction

Fibre reinforced polymers (frp) are more and
more used in different industrial branches like the
transportation, the sport or the medicine industries.
The variety of different compositions consisting of
fibre and bedding matrix to a composite and the
following variety of characteristics is one of the
biggest advantages for this material class. This
variety allows on the one hand, defining an
appropriate composite with partially very specific
behaviour for different uses. But on the other hand,
the grade of complexity for this material class is
getting higher with every new composite.

The finishing, like the drilling of holes or the
milling of grooves, is a very common process step
in the production of frp parts. Due to the
construction of these materials consisting of the
matrix system and the fibre material, the cutting is
very demanding. The problematic is consisting in
the fact that you have to machine two different
materials with different characteristics. For
example, young’s modulus of a common resin
system (=matrix) is around 3 GPa [1] and the value
for a common industrial fibre (toray T300) is 230
GPa [2]. Complicating the matter is the fact that
the young’s modulus of this fibre is depending on
the load direction. The resulting problem is a short
tool life time in comparison with the machining of
metallic materials and defects on the machined
surface. These defects can be classified in:

e delamination
e fraying
e splintering

The practical problem for the industry is that
there are no regulations for the definition of the
mentioned defects. Furthermore, there is no
measuring method defined, so that anybody who

has to qualify the result of a finishing operation has
to find a useful way to do so. This subjective way
of working leads to misunderstandings and
different points of view in case of business.

The Institute of Production Engineering and
Laser Technology (IFT) of the Vienna University
of Technology is dealing with this topic.
Measurement technologies to define the quality of
machined frp as well as appropriate quality indices
were developed.

2. Occurring defects

In the following, the occurring defects while
machining frp products are described. In Fig. 1. a
schematic view of a machined hole is shown. In
this figure the green section is the cross section of
a drill. The orange areas indicate delamination, the
reds fraying and the yellow ones splintering.
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Fig. 1. left: schematic view of a machined hole and the
associated defects; right: legend of contour levels

2.1 Delamination

The delamination occurs mostly at the top or
bottom layer of a structure. It also occurs in the
laminate, for example at the boundary of different
materials. These layers delaminate because of a
transgression of the maximum interlaminate
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bonding force. While finishing frp such a
transgression is based on the machining force. The
geometric definition of a delamination for the
measurement is a local increase of the topological
behaviour of a surface. Additional attendance
while measuring has to be given to the roughness
and the global waviness of the part to avoid
influences of the result.

2.2 Fraying

The fraying of fibres is again a defect at the top
or bottom layer. The strong fibres move away from
the cutting edge. Frayed material stays in the
machined volume after the process.

2.3 Splintering

Splintering is also a defect at the surrounding
layers of a composite. The angle from the
delaminated section to the part surface of the ply,
increases during the machining process so that
these section splinters. Such a defect after a
drilling process is indicated in Fig. 2.

Fig. 2. splintering, left: photo via measurement device,
right: wrong colour photo.

3. Quality indices

The defects occurring after finishing operations
in the production process of frp parts have to be
measured in that way, that you get information
about the size of a defected area and about the
specific type of a defect at an area. The
representation of this principle is based on the
work of Mohan [3]. At the IFT an Alicona Infinite
Focus 4G and a Nikon Nexiv VMR 2520 are used
for the investigations. The machine supported
measurement increases the objectivity and the
precision of the process. Very important is that the
measuring parameters are defined and stay
constant for every measuring process.

To qualify a machining result and to compare
different results together, a criterion has to be
defined. For that reason three quality indices for
every type of defect were developed. In Tab. 1. the
fraying quality index is shown. This index is
generated with two digits. The first digit indicates
the longest fraying in comparison to the tool
diameter of a machined structure. The amount of

fraying at the circumference of the structure is
represented by the second digit. The percentile
ranges are based on the standard line R8. The
index goes from 11, for the worst result, to 99 for
the best possible result. The quality of a machined
structure can now be determined.

FQl - Fraying Quality Index

amount of fraying at the circumference

°

longest fraying Q Q Q S IR I I I S B

A ! R ||| R S

incomparison | & | X | & [ & | S| @ | 8| 8|2
Vi vi Vi Vi vi Vi Vi

to the tool O R I I RS O -G I I

diameter vi Vi Vi i v vi Vi i v

XX R R e | R | x| 9

o | - Y © BN 1=} @ &N &

R I R I~

0% <x<1% 99 | 98 | 97 | 96 | 95 | 94 | 93 | 92

©
=

1% <x<2% 89 | 83 | 87 | 86 | 85 | 84 | 83 | 82 | 81

2% <x<3% 79 |78 | 77 | 76 | 75 | 74 | 73 | 72 | T1

3% <x<6% 69 (68 | 67 | 66 | 65 | 64 | 63 | 62 | 61

6%<x<10% | 59 | 58 | 57 | 56 | 55 | 54 | 53 | 52 | 51

10%<x<18% | 49 | 48 | 47 | 46 | 45 | 44 | 43 | 42 | 41

18% <x<32% | 39 | 38 | 37 | 36 | 35 | 34 | 33 | 32 | 31

32%<x<56% | 29 | 28 | 27 | 26 | 25 | 24 | 23 | 22 | 21

56%<x<100% | 19 [ 18 | 17 | 16 | 15 [ 14 | 13 | 12 | 11

Tab. 1. FQI matrix

The classification for the delamination and
splintering indices uses the same two digit
principle as the fraying one. With the information
of these three indices a machining process can be
qualified completely.

4. Results

With the possibility to use a regulation to define
the quality of a machined structure, companies can
produce parts with defined characteristics and
avoid conflicts with partners. The R&D society
gets the necessary basis to compare results as well.
Such comparison is most fundamental for any
improvements in the process, like the development
of new tools, machining strategies and so on.
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1. Introduction

Investigation of the materials for fabrication of
the parts for using in human body is very important
theme because of life style changing and average
age of life increasing. Metallic materials continue
to play an essential role as biomaterials to assist
with the repair or replacement of bone tissue that
has become diseased or damaged [1].

Magnesium  has  been  suggested as
a revolutionary implant material to overcome the
limitations of the current metallic materials being
used. Mg is light in weight and low in density,
and exhibits high strength/weight ratio [2]. Mg
also has the advantage of degradation, and thus if
corrosion rates are controlled, the material would
slowly degrade, removing the necessity for
second removal surgeries, thereby decreasing
health risks, costs and scarring. Additionally, in
contrast to the metals currently utilized, the wear
products of which can be potentially toxic or
otherwise harmful to the patient [3, 4], the
corrosion products of Mg have been shown to be
potentially beneficial to the patient [5].

Calcium phosphates have extensively been
studied due to its biocompatibility, chemical
stability and similarity in composition with the
mineral phase of teeth and bone and use as bone
substitutes in biomedical industry.

Aim of this study is to electrodeposit calcium
phosphate layer on magnesium alloy AZ31 surface
and to improve its corrosion properties by this
way.

2. Experimental results and discussion

The tested AZ31 magnesium alloy was
continually ~ casted at  Brandenburgische
Universitdt in Cottbus, Germany. The chemical
composition is in Tab. 1. The microstructure (Fig.

1) is created by polyedric grains of supersaturated
solid solution of aluminium, zinc and other
alloying elements in magnesium. The average
grain size is 220 um.

Component | Al Zn Mn Si Mg

wt.% 2.96 | 0.828 | 0.433 | 0.004 | bal.

Tab. 1. Chemical composition of tested Mg alloy

Fig. 1. Microstructure of AZ31 alloy, polarized light,
etch. picral [6, 7]

For the evaluation of calcium phosphate surface
treatment influence on electrochemical
characteristics the sample surfaces (2x2 cm?) were
grinded with 1000 grit SiC paper, then degreased
with ethanol, and dried using a stream of hot air.
The calcium phosphate was deposed on the
samples’ surfaces. Treatment electrolyte solution
was prepared with 0.1IM Ca(NOs),, 0.06M
NH,H,PO; and 10 mldm® of 50 vol.% H,O,.
Sample was used as cathode. Electrodeposition
was performed with constant current density -0.5
mA.cm” for 1 hour.

The surface morphology of the treated
specimens was assessed in the laboratories of the
Department of Materials Engineering, FME,
University of Zilina, by a stereomicroscope Nikon
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AZ100 with a digital camera using NIS Elements
software.  Electrodeposition under specified
conditions led to the creation of a thin layer of
calcium phosphate (Fig. 2).

p -‘l o fc’v“’

% " >
i a1 P i 5 500 pm
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Fig. 2. Morphology of CaP layer on AZ31 Mg alloy
surface

The corrosion characteristics of the untreated
and CP-coated AZ31 magnesium alloy samples
were evaluated by potentiodynamic polarization
tests. The corrosion experiments were performed at
22 £ 1 °C in 0.9% NaCl with the time exposure 5
minutes. A saturated calomel electrode and a
platinum electrode served as the reference and
auxiliary electrodes, respectively. Treated and
untreated AZ31 samples formed the working
electrode in such a way that only 1 cm? area of the
working electrode surface was exposed to the
electrolyte  solution in  corrosion  cell.
Potentiodynamic polarization tests were carried out
from -200 to + 500 mV vs SCE with respect to the
OCP at a scan rate of 1 mV.s'. Measured
potentiodynamic curves were analysed using Tafel
fit by EC-Lab software.

Fig. 4 shows the measured potentiodynamic
curves of untreated and treated AZ31 Mg alloy
samples using current controlled electrodeposition
of CaP. Curves of both surfaces demonstrated a
transition between a passive state and active state.
Short steady state was measured on both surfaces
that is corresponding with passive behavior of the
surfaces in testing media.

More positive corrosion potential (E)value (-
1.518 V) is observed on samples with the surface
covered by CaP. Just grinded AZ31 magnesium
alloy samples show the corrosion potential value -
1.604 mV. Surface covered by CaP is
electrochemically nobler and hence
thermodynamically more stable.

In terms of kinetics the samples coated by CaP
show significantly lower values of corrosion
current density (i.or). Untreated samples achieve
the iy value of 34.421 uA.cm’z, while samples
with CaP achieve 0.484 pA.cm™ that represents 71-

fold reduction. This finding is very important for
assessing the kinetics of corrosion, since corrosion
current density is directly related to the corrosion
rate and therefore tells us about the intensity of the
ongoing corrosion process in the specific
electrolyte.

log i [mA.cm™?]

: \Z31 substrate
eeee AZ31 with CaP coating

EM

Fig. 3. Potentiodynamic curves of tested alloys
in 0.9% NacCl solution

3. Conclusion

On the basis of performed experiments, analysis
of the results and their interpretations, we
concluded that the surface of AZ31 alloy with CaP
coating reaches better electrochemical corrosion
characteristics from thermodynamic (more positive
values of E,,) and from kinetic (lower i values)
point of view also.
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1. Introduction

Testing new biomaterials, including dental
composites or fully-ceramic framework, to a large
extent, covers determining their material
characteristics. An important element of the
evaluation of the material used is testing the
mechanical strength which gets extended by the
analysis of probability and reliability based on the
use of the Weibull distribution. The Weibull
distribution module m, namely the shape
parameter, provides characteristics of the variation
in material strength. It is assumed that the higher
the value of that module, the greater the
operational reliability. The biomaterial tested in the
paper is zirconium dioxide which, has been applied
for dental purposes, since the 1990s. It seems that
one of the problems of common application is an
excessively expensive workmanship of the dental
crown or bridge and a later development of a
reliable method of gluing to earlier-prepared —
teeth filed down in oral cavity. However, much
interest in that material is due to the fact that it is
very easy to model the patient’s support in the
CAD system and to map it in the material applying
machining with a specialist CNC milling machine.
The shape created in that way gets baked —
synterised at the temperature of 1500°C. Yet
another element is baking porcelain onto the
support; porcelain which will not differ in colour
from the other teeth in the patient’s oral cavity.
Dental supports prepared and made in that way
demonstrate not only expected shapes and dyes,
but also show high strength properties, including a
high value of the elastic modulus, as well as good
biocompatibility.

2. Materials and method

Static 3-point bending tests were performed
compliant with the PN-EN 843-1 norm. The tests
involved the use of the Zircon Lava material
provided by 3M company; the material is used to
make dental crowns and bridges. The material
supplied by the manufacturer was cut with the
circular saw Buehler ISOMET 5000 (Poland) into
slices 25mm x 16mm x 2.5mm in size. The
elements received in that way were exposed to
laser cutting using the Alfalas WS device (Poland)
setting the cutting parameters in a way which
would not allow for material overheating. With
cutting performed in that way about 6 samples
1.87mm x 1.87mm x 15mm in size were made.
The specimen sizes consider the contraction
accounting for about 20%, which occurs during
material synterisation. Fig. 1 presents the
specimens geometry.

3-point bending tests were performed using the
strength testing machine Instron 8874. The tests

12

1,54£0,02

|—‘// 0,02/A

Fig. 1. Specimens geometry

1,510,02

involved the use of dynamometer with a maximum
measurement scope of + 5kN and the upper arm
dislocation was 0.5 mm/min.
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3. Results

Static 3-point bending tests were made for 30
specimens 1.5mm x 1.5mm x 12mm in size. The
analysis with the Weibull distribution assumed the
results for 23 specimens. Results rejection was
made according to the guidelines provided for in
PN-EN 843-5 norm where the number of the
results cannot exceed 30 and extreme results must
be rejected. Single test results for respective
samples exposed to the analysis in the order of
increasing values of maximum bending stress are
provided in Fig. 2, which was supplemented with
the regression line plotted-in together with the
value of the coefficient of determination R,

1180

1130 R2=0,944

P
T 1080 /’;

2 1030 pRsls

] P ad

$ 980 > 26

8 o

E 930 )/‘} >

E

£ o0 5%

H

Specimen number
Fig. 2. Graphic representation of 3-point bending results

The analysis of reliability of the material
investigated involved the use of the two-parameter
Weibull distribution in a form of:

M

- () @

Equation 1 can be compared to, having been

logarithm-transformed, to  linear  equation
v o= agv +h;
¥ ax +b:

3

where P

stands for the probability of specimen survival, P,
equals 1-Pr.

The linear approximation after logarithm-
transformation of the testing results for bending
strength and regression equation and the
coefficient of determination are given in Fig. 3.

The probability distribution of flexural strength

y=13,78x=95,52
R?=0,955

o r N ow

Inin(1/ps)
)
o
o
o

P
i
6, 5/‘{{7695 05 1
/
.

v

In(bending strength)

Fig. 3. Approximation of the distribution of probability
for bending strength of Lava zirconium dioxide.

It should be noted the fact that the Weibull
modulus m for the material has a low value. In the
literature, a low Weibull modulus authors
interpreted as the result of a big distraction
structural defects in the samples, equivalent to its
poor reliability.
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1. Introduction

The use of polymers has significantly increased,
in the past decades on many engineering areas. In
the production phase and later on during utilization
polymers are exposed to different environmental
conditions (i.e., different temperatures, pressures,
humidity) that affect their volumetric behavior.
Understanding such behavior is important on
numerous engineering processes (e.g., high
pressure polymer processing technologies) and
applications (e.g., noise and vibration reduction
applications).

Often it was assumed that volumetric response
was time or frequency independent. However
increasing demands  for  higher  material
performance at elevated temperatures and
pressures do not allow such simplification,
consequently pointing out potential need for more
careful characterization of time or frequency
dependant volumetric (bulk) response of polymers.

Due to modern industrial requirements a novel
measuring system for investigation of dynamic
bulk behavior of polymers was developed based on
previous research works of McKinney and
Belcher, 1963 [1]; Deng and Knauss, 1997 [2,3]
and Sane and Knauss, 2001 [4,5]. The newly
developed measuring system can simultaneously
measure real (storage) component B'(w) and
imaginary (loss) B"(w) component of the dynamic
bulk compliance, B*(w).

This paper represents the measuring capabilities
and optional upgrades of an apparatus for the
characterization of viscoelastic bulk characteristics
under harmonic excitation.

2. Experimental methodology
2.1 Measuring principle

Measurement of dynamic bulk compliance
B*(w) takes place in the cavity of a pressure
chamber, filled with an incompressible medium
(oil), where there is uniform hydrostatic pressure.
Sinusoidal signal in the form of AC voltage at
respective frequency excites a piezoelectric disk
(transducer), which acts as an actuator and causes
compression waves that travel through the
transmitting medium and a polymeric sample. A
second piezoelectric disk, which acts as a pressure
sensor, perceives compression waves in the form
of amplitude and phase (phase is shifted due to
measurements of time-dependant materials) [1,2].

Such method allows direct measurements of
volume change under sinoidal hydrostatic pressure
at the time of volumetric deformation of the
polymeric sample. However, the following
assumptions must be taken into account:

1. length of the cavity must be much smaller
than the wave length of compression wave;
this ensures that pressure is uniform
(constant) inside the cavity;

2. force transferred to the sample is essentially
hydrostatic pressure;

3. complex compliances (compressiblities) of
piezoelectric disks, cavity, wires, sample
and transmitting medium are additive (can
be summed);

4. process is taking place in ideal rigid body;

5. transmitting medium by which the
polymeric ~ sample is  excited s
incompressible.
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2.2 Experimental setup

Experimental setup for measuring dynamic bulk
compliance B*(w) of time-dependant materials can
be divided in 3 major subsystems. These
subsystems are hydraulic, electronic and thermal
subsystem.

Hydraulic subsystem is needed to supply
transmitting medium into the pressure chamber and
also to pressurize hydraulic subsystem. Electronic
subsystem ensures generation of the signal,
transmission, filtering and acquisition of the signal.
Thermal subsystem contains isolation chamber,
which enables measurements at constant room
temperature.

2.3 Procedure and materials

Apparatus is in the prototype state and can
measure dynamic bulk compliance B*(w) at the
following boundary conditions: room temperature
+ 1 °C, pressure range from 1 to 100 bar + 1,5 bar
and frequency range from 100 to 1000 Hz.
Measurements were carried for two different
materials, i.e., polyvinyl acetate (PVAc) and
thermoplastic polyurethane (TPU).

3. Results

Figure 1 presents results of dynamic bulk
storage B'(w) and loss B"(w) compliances for two
different materials; PVAc and TPU. Measurements
were conducted at room temperature, atmospheric
pressure and frequency range from 100 Hz to 1000
Hz. Volume of the samples was 0,0128 cm?’. For
both materials (PVAc and TPU) it is clear that
storage and loss components of complex dynamic
bulk compliance B”(w) are constant within the
whole frequency range, no transition is observed.
Storage component B (w) of TPU has higher value
(approximately 1,1 GPa') than PVAc, which
means it is more compressible. Loss components
B"(w) for both materials are almost zero, which
means that materials do not cause damping at
particular boundary conditions.

. 12
o L1
=) 1
gs 09
S 0,8 |——{ —e— Bv'- storage component, TPU H
% .= 0,7 (—— ---©---Bv"-loss component, TPU H
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E & ©, 0,5 |—L === Bv"- loss component, PVAc H
- E- 0,4 Room temperature
25 0,3 Atmospheric pressure
sS 02
©°3 01

2 0 -8B -8-8-8-8-8

100 1000
Fr [Hz]

Figure 1: Dynamic bulk storage and loss
compliance of PVAc and TPU

4. Concluding remarks

Novel measuring system was developed for
measuring dynamic bulk compliance B*(w) of
time-dependant materials. Apparatus in current
state can directly measure mentioned material
property at room temperature, at pressures up to
100 bar and frequencies from 100 Hz to 1000 kHz.
Measurements were conducted on two different
materials (PVAc and TPU) at room temperature,
atmospheric pressure and frequencies from 100 Hz
to 1000 Hz.

Dynamic bulk storage B'(w) and loss B'(w)
compliance exhibit constant values within
frequency range, no transition was observed.
Obtained data reflects general functionality of
apparatus although apparatus has certain limitation
regarding boundary conditions.

Future work will include upgrading of the
apparatus to allow measurements of dynamic bulk
compliance in a wider range of temperatures
pressures and frequencies. Device structure will
also allow measurements of mentioned material
function in the molten state.
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1. Introduction

In recent years there is a need to increase
development of smart and low weight and low
energy consumption sensors and actuators for
engineering applications. Sensors which are
independent from external energy sources, or their
energy consumption is negligible are desired.
These requirements can be met by piezoelectric
materials. When mechanical force is applied to
piezo-material, due to the direct piezoelectric
effect, an electrical voltage is generated. Although
due to inverse piezoelectric effect it can induce
force, when electric field is applied. Different
application of piezoelectric materials makes them
appropriate for the development of systems that
such  sensor-active  vibration damper [1].
Unfortunately, such a sensor records measurements
only when the load changes, so the measurements
may be flawed depending on the frequency of
excitation.

2. Methods

Specimen was made form aluminum alloy and
dimensions was 350x40x1mm. On two sides piezo
and resistive (for correlation) strain gauge were
bonded (Fig. 1.).

Fig. 1. Resistive strain gauge (on left) and piezo sensor
(on right) bonded to aluminum alloy sample.

Piezo strain gauge material is PZTSAHI Navy
Type 1I with longitudinal active part, and
transverse electrodes [2]. Size of sensor is
28x7x0.3mm. Data acquisition was performed with
National Instruments software and hardware. Piezo
data was amplified by MMF M68D1 charge
amplifier. Large electrical noise appeared during
measurements, got rid of them by using battery
power for piezo amplifier, instead of the power

supply.

Fig. 2. MMF M68DI1 piezo charge amplifier.

3. Results

The main issue was to determine the behavior
of the piezo sensor when forcing with a low
frequency, or between cycles is the steady-state.
Result were obtained in several loading function
applied with different parameters (e.g. amplitude,
frequency, steady state time). Only some of them
are presented below.

3.1 Unit step function

First unit step function were applied, there has
been a change from ON in 0.25s and force was
detained at a constant level. Piezo sensor has not
hold the state, in contrast to the resistive strain
gauge (Fig. 3.). This experiment can be very useful
to determinate transmittance of sensor.
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Fig. 3. Results obtained in unit step function
loading. Red line represents results from piezo sensor.

3.2 Subsequent step function

Model was loaded by 5 consecutive step units,
with 15 seconds break after each other, where load
was locked in constant position. Here, loss of load
history is very clear. On piezo graph there is no
difference between each step, while resistive strain
gauge in every step has increased observed value

(Fig. 4.).
12 — — 0.0006
8 — —0.0004
S a4 —0.0002
2
0 0
+ I I \ T
0 20 40 60 80 100

time [s]

Fig. 4. Results obtained in subsequent step function
loading. Red line represents results from piezo sensor.

3.3 Sinusoidal function

5 Hz frequency excitations were investigated in
that case. In contrast to previous experiments, the
history of the load is not lost when loading
frequency is high enough (Fig. 5.).
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-12 T
1 2 time [s] 3 4

Fig. 5. Results obtained in sinusoidal function loading.
Red line represents results from piezo sensor.

4. Remarks

e The sensor responds very well to a high-
frequency loading,

e The low-frequency excitations measurements
have to be updated about the history of model
load, due to the loss of signal in the steady
state,

e Determine transmittance of sensor is necessary
to correct obtained data by loading history,
especially for slow cycles.
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1. Introduction

The operating conditions of the aircraft engine
turbines, made from e.g. nickel-based super alloys,
require high mechanical load resistance in high
temperature. To improve the parameter, protective
layers are applied. They increase the heat
resistance of alloys but are likely to reduce the
fatigue strength. In this work the impact of the
aluminide layer, deposited on the samples made
from Inconel 740 alloy in a chemical vapor
deposition process (CVD), on the fatigue
parameters is assessed. A comparative analysis
was carried out for the damage development
mechanisms in both sample types. The damage
parameter was defined as the sum of the strains
and its plot in the function of the number of cycles.
The results obtained were correlated to the factual
studies of fractures.

2. Research methodology

The studies carried out were of the high-cycle
test nature. Basing on the results obtained in a
static tension test, the range of values for the load
amplitude was defined, being 350 - 500 MPa for
In740 samples and 500 - 650 MPa for In 740 Al
samples. The studies were carried out for two
batches of samples (4 with the layer and 4 without
it) displaying axial symmetry with a narrowing in
the measured section. The strain was measured by
transverse extensometer, checking the narrowing
values in (fig. 1)

Fig. 1. A fixed sample with the extensometer.

The results obtained were used for developing
the relationship between the damage parameter
defined as the sum of average strain and the strain
amplitude to the number of cycles, in accordance
with the following formula:

p=¢,+e,
where:
€w_ width amplitude of the cycle hysteresis loop:
€, = anjg;sfnigc

En . average strain in the cycle, defining the
location of the hysteresis loop for a given cycle in
the strain axis, expressed by:

F=0 F=0
_ Emin + Emax

E =
m 2
The principle of determining the damage parameter
Pis presented also in the diagram in Fig.3.
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Fig. 2. Diagram showing the strain development in
consecutive fatigue cycles

Thanks to describing the strain development in this
way, it was possible to assess the changes in the
fatigue damage dynamics in the samples with the
layer and without it in the extensive amplitude
range.

3. Results

Presenting the results in the form of Wohler
curve (Fig. 2) enables to detect a clear increase (by
about 100 MPa) in the fatigue strength of Inconel
alloy with Al layer in a wide range of stress values.
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N
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by = In740A1
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Fig. 3. Wohler diagram depicting the influence of Al.
layer on the fatigue strength of In 740 alloy.

Basing on the determined fatigue damage
parameters, the strain development in consecutive
cycles was analyzed. Figure 4 presents the
matching of these data for both sample types
subject to the load with the amplitude of 500 MPa.
With a significantly higher resistance (the number
of cycles before breaking was 4 times greater) for
the sample with the layer, a similar plot of the
damage development can be observed for both
samples, characterized with three stages.

0,025

Stress amplitude - 500 MPa
+In740

In740_Al

0 100000 200000 300000 400000 500000
Cycle number

Fig. 4. Changes in ¢pparameter in consecutive cycles.

The first stage was a dynamic increase in the
damage in over ten cycles. The second stage was a
stable increase which ends earlier for the sample
without the layer, leading to the third stage,
connected with the crack initiation and
development. The final strain level measured for
both samples is similar.

The reasons for the increased fatigue strength of
the samples given the surface treatment were
sought in factual studies. Figure 5 presents selected
fracture images. Besides various traces of cyclic
load in the form of ribs, it is possible to assess the
layer thickness (about 30 pm) and its diffusive
nature, as well as strong integration with the
substrate. However, this can hardly be used for
explaining such a clear improvement of fatigue
properties. Due to the function of aluminum layers
which in principle can create heat barriers for
nickel alloys, the results obtained should be
explained rather in the context of heat-activated
processes, accompanying the layers’ deposition
and not their presence as such.

b)
Fig. 5. Fatigue fractures for In740 samples without the
layer (a) and with the Al layer (b)
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1. Introduction

Due to the common-path design, the shearing
interferometers are with the feature of anti-vibration,
they therefore have been widely used in the testing of
optical components [1-3]. To enhance their precision
and automation, the phase-shifting technique realizing
by rotating a birefrigent prism [4], moving a reflecting
mirror [5], shifting a wedge prism [6-7], changing the
retardation of a LCD [8, 9], or using a polarization
phase-shifter [10,11] was proposed. They however
require a light source with ideal wavefront, the optical
elements used in the interferometers are hence
expensive and the alignment for generating the
illuminating beam is time consuming.

p.__NPBS Pt E «
Z
eo

From light ____, SP
source module

—] \

Jdoe| 3s
/

[~ W(xy)
T T 4"
Rotation Sample
stage

H
U

ENTS)
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Fig. 1. Schematic diagram of the proposed shearing
interferometer.

2. The interferometer

A novel shearing interferometer is therefore proposed as
that shown in Fig. 1. It is composed of a polarizer (P)
with a transmitting axis at 0 deg, a non-polarizing beam-
splitter (NPBS), a Savart plate (SP) [3, 12, 13], a
rotation stage having a rotation axis parallel to the Y-
axis, a sample to be examined, an analyzer (A) with a
transmitting axis at 0 deg, and a CCD camera. Where
the SP is placed on the rotation stage, the principal
section of the left plate of the SP is with an angle of 45
degl measured from the X-Z plane, and the surface
normal of the SP makes a small angle of Aa with
respect to the Z-axis.

Now assume a light beam, which has a center
wavelength of A, passing through the polarizer and
NPBS is incident into the SP at a direction of the Z-axis,

it would be laterally sheared into two parallel beams (oe
and eo beams) which lie on the X-Z plane and have a
shear distance of S; the sheared beams travel to the
sample and then return to the SP to get recombined; and
the recombined beams are finally guided to propagate
through the analyzer to generate a shearing interference
patten on CCD camera which can be explicitly
expressed as

I=1,[1+cos(p—D)]- )

The term @ happens when the interference beams pass
through the SP twice (i.e., forwards or backwards), it is
constant over the X-Y plane, but it is linearly
proportional to Aa. The relation between @ and Aais
given by [12,13]

o= 47" SAa - (@)
Whereas the term ¢ comes from the wavefront
distortion due to the profile of the sample, i.e., W(x,y);
¢ is linearly proportional to oW(x,y)/ox (ie., the
sample slope), and they are governed by [4]
4n OW(x, y) 3)

ox

From Egs. (1-3), it is obviously found that the rotation
of the Savart plate can be adopted as the phase shifter of
the interferometer, and a Aa-rotation of the Savart plate

causes the interference pattern a phase-shift of ®. Let

L(xy), h(xy), By), L(xy), and Is(xy) be the
interference patterns corresponding to 0°, 90 °, 180 °,
270° and 360° phase-shifis, respectively, [14] gives

_ -1 2(I1,-1,) . 4
O(x,y) = tan |:(I.+Is)—213:| (4)

¢(5)

In other words, once I;(x,y) to Is(x,y) mapped on
the CCD camera are captured, the proposed
interferometer is able to extract the slope of the
sample by using Egs. (3) and (4). Note, because the
standard arctan function is with principal value in
the range ( —n/2 , n/2], the atan2 function [15] is
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adopted to replace the acrtan function in Eq. (4).
The solved ¢(x,y) is however still with 2m
discontinuities, and it is referred to as the wrapped
phase map. Therefore, a phase unwrapping
technique [16] is also employed during the process
of retrieving dW(x,y)/ox .

3. The experimental results

A setup was constructed to verify the proposed
interferometer, where the sample was a circular
diaphragm loaded by a central force, the wrapped phase
map is shown in Fig. 2(a). By using Fig. 2(a), the slope
contour of the diaphragm was obtained and is displayed
in Fig. 2(b), which demonstrates that the proposed
interferometer is capable of slope contour
determinations.

i EEEE

it 8ok

Fig.2. (a) The wrapped phase map ; (b) the
measured slope contour of the sample

4. Conclutions

In summary, this paper has presented a novel phase-
shifting shearing interferometer capable of slope
contour measurements. A setup was constructed to
realize the interferometer; and the experimental results
from the use of the setup validate the feasibility of the
proposed interferometer.
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