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INVESTIGATING TRIBOLOGICAL PROCESSES
IN POLYMERIC COMPOSITES*

Lorena DELEANU, Constantin GEORGESCU,
Constantin GHEORGHIES

“Dunarea de Jos" University of Galati
email: lorena.deleanu@ugal.ro

ABSTRACT

The paper presents some results on investigation of the superficial layers of
several polymeric composites intended for tribological applications. The evaluation
of the tribological behavior is done with the help of SEM images, virtual images
obtained by 3D profilometry and X-ray diffractometry.

KEYWORDS: tribology, polymeric composites, 3D profilometry, X-ray

diffractometry, SEM, optical microscopy

1. The necessity of non-destructive
investigations in tribology

One of the general trends is the development of
the integrated systems, with high degree of
automatization in industry including manufacturings,
energetics and transports. These systems necessitate a
closer control and are vulnerable to failures, reducing

the failure consequences being nowadays a design
criterion due to the associated risks for the
economical organizations, environment, labour force
and population and for avoiding financial and time
deadlines losses. Failures and damages of the machine
elements, especially those produced by tribological
processes, have an undesirable high percentage in
making the systems unavailable (Fig. 1).

Failures

(deterioration or/and damages

Accidents (operators faults

Aging i i :
e Tl:ll)OlO. gical and/or errors, maintenance
(material fat{g}e. moral deteriorations and errors, failures of othere
deterioration) damages components)
0
15% 15%

70%

Fig. 1. Percentage distribution of tribological deteriorations.

Studies and researches in this field of tribology
have a determinant influence in improving reliability

and durability, starting from design but also in
maintenance and diagnosis of the complex systems [1,
8, 41].

*Paper presented at the Symposium ""The Impact of Nanotechnologies and Nanomaterials on Industrial Development and
Quality of Life"”, Galati, May 19, 2011, organized by the Center for Nanostructures and Functional Materials (CNMF),
Faculty of Metallurgy, Materials Sciences and Environment, “Dunarea de Jos” University of Galati
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There are generally admitted that the economic
loss due to wear represents 6...10% from the gross
national product of the developed countries and 30%
of the failures of mechanical systems are caused by
wear (Fig. 2) [1, 37].

The analysis of a tribological deterioration (Fig.
3) is usually included in a failure analysis or it could
be the subject of an exploratory research in order to

optimize the tribological behaviour of the system.
Monitoring the tribological tests is difficult as it
implies sophisticated and accurate equipment and
alteration in a certain manner of the tribotester by
introducing sensors [8, 9, 11, 15]. The tribologists
have to prove inventivity for establishing a testing
methodology with results that could be applied in
practice.

Contact
corosion

Thermal fatigue

Superficial
fatigue

Adhesion

Abrasion

10

15 20 25 30 35

(%)

Fig. 2. Percentage of different types of wear in the wear deteriorations.

Relevant information on the event
(failure, accident)

l

Recording in the database

l I

Chemical and structural
analysis

Non-destructive
analysis

Mechanical
tests

Examination at macro, micro and
nano scales

Data interpretation of the
relevant information

l

Conclusions

Design or/and maintenance solutions,
re-engineering of the system or/and the

process, recommendations

Fig. 3. The chart for analysing a tribological deterioration.

2. On polymeric composites

The polymeric composites are materials
obtained by mixing different materials using a
polymeric matrix: one or more adding materials could
play the role of the reinforcement (Fig. 4) or/and of
the solid lubricant. For other than mechanical
applications the adding material could modify the

physical, thermal and chemical response of the
composite [2, 29].

Why are there so many grades of composites
with polymeric matrix? The answer is given by the
large ranges for the physical, thermal, mechanical,
tribological properties of the constituent phases (two,
three or even more) with very different
concentrations. Even the polymer matrix could be



THE ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI.
FASCICLE IX. METALLURGY AND MATERIALS SCIENCE
N° 4-2011, ISSN 1453 — 083X

selected from many polymers [4, 7, 15] depending on
the application. This diversity may offer solutions for
a particular application taking into account the

movement, the loading and speed regime, the
lubrication, the  working temperature, the
environment.

Polymeric
composites

Composites
with fibers

¥

!

Composites

El Hybrid
composites

with particles

'

v ¥

[ Stratified ] [Non-stratiﬁed] [Nano par‘[icles] [Micro particles] [

Conglomerates
(macro particles)

[}

With long
fibers

With short
fibers

Unidirectional Multidirectional

Orientated

Randomly
arranged

Fig. 4. A classification of polymeric composites based on the shape and dimension
of the adding materials.

2.1. Tribological behaviour

The tribological behaviour of a polymeric
composite is complex, including the tribological
parameters and it has to explain the interconditionality
of the influencing factors [5, 10, 29, 34, 37]. Tests on
simpler triboelements such as pin-on-disk, block-on-
ring etc., are easier to investigate and to identify the
processes and the synergic influence of two or many
factors.

The tribological behaviour means establishing
relationships among influencing factors and
tribological parameters such as friction coefficient,
wear and wear rate, thermal field, structural and
chemical changes, modifications of the physical and
mechanical properties of the materials in contact, but
also for the lubricant and the environment, changes of
the surfaces topography etc.

2.2. Processes within the superficial layers

of the polymeric composites

A synthesis of these processes is given in Figure
5 based on the recent references [6, 15-19, 25-26, 30,
34,37, 38].

Taking into account the research field the
authors are involved in [11-14, 20, 28, 39], the
tribological processes of the polymeric composites are
exemplified with the help of composites with PTFE
and PA matrix, the polymers being kept as reference.
PTFE [32, 33, 39, 40] and polyamide [8, 22, 27, 31,
35, 36] are two polymers frequently used as matrix
due to their tribological behaviour.

3. Non-destructive analysis

Non-destructive analyses are preferable because
they do not alter the structure or/and composition of
the superficial layers [41], but there are limitations in
monitoring the contact by non-invasive and non-
destructive techniques.

3.1. Optical microscopy

This observation method has the advantage of
easy preparation of the samples, sometimes they do
not have to be cut from the tested pieces and
nowadays there are available optical microscopes with
high performances. One of the disadvantages is the
magnification from 50..1400 (at least in our
laboratory): a good resolution depends on the studied
materials and on the quality of the worn surfaces.
Sometimes scale like 200:1, 500:1 are preferable
because they give images of the superficial layers
allowing to understand the statistical characteristic of
the processes. Figure 6 presents several PTFE
composites and each image pointed out characteristics
of the superficial layers. These scales are useful for
evaluating, in a statistical and qualitative manner, the
dominant processes within the superficial layers.

4. Scanning electron microscopy (SEM)

Scanning electron microscopy offers
information about the sample's surface topography,
composition and other properties such as electrical
conductivity.
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()

It has the advantage of high magnification
100...6000 (at least for the author’s experience on

polymers and polymeric composites and for the
available equipment at our University).

Tribological processes
characterising the dry contact
of polymeric composites sliding
against steel

v v

Types of wearing Influencing Interactions among
processes factors

triboelements

Adhesion ) - - Direct interaction
> Transfer of the polymer or/and composites "| Material pairs |" of solid elements

on the steel counterface

- - - - Working reg‘i me Interactions

Abrasion (micro-cutting, micro-spalling, | |- type (dry, lubricated, | | | ] including the third

micro-tearing of the polymer, micro-flows, mixt, boundary) body

particle or fiber agglomeration in the - the environment

superficial layers, micro-rolling, folding) -

Particular migrations of the particles into Contact surface N II_lE)eralctlons Ofthfl
{the matrix (tak}ng into account the type, Lol quality forsolid | mh oclements wit

shaPe, dlmen_smns, cor_lcentratlon o_f the triboclements the environment

adding materials): rolling, embedding,

dragging etc.

Fragmentations, blanketing, structural and "| Thermal regime | <]

chemical changes of adding materials

N

Fatigue and thermal fatigue |

Synergic
processes

Tribocorosion: chemical and structural
changes of the polymeric matrix or/and
adding materials due to the working regime
conditions

Physical and chemical processes
characterising the interface polymer
matrix — adding materials

.

Fig. 5. An overview of the tribological processes characterising the dry contact of polymeric
composztes sliding against steel

50 um
D

r

c) PTFE + 23 carbon + 2%; graphlte
micro flows of PTFE in the sliding direction and a
mixing process of the polymer and carbon components the sliding direction and micro flow of polymer and

d) PTFE + glass fiber + graphite: fiber orientation in
into the superficial layer graphite mix

Fig. 6. Dry sliding against steel, p =0.76 MPa, v =1 m/s
Tribotester shoe/roller (Ra=0.8...1.2 um) [13, 39].
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a) PTFE +15% glass fiber, particular processes: a b) PTFE + 60% bronze; particular processes: very
broken glass fiber, fragments embedded in the PTFE  thin bands of polymer torn off from the matrix and
matrix; local flow of the polymer and wear debris  spread on the hard constituent, explaining low friction
adhering among the fibers [13, 39] and reduced wear [13, 39]

Fig. 7. SEM images revealing processes influencing friction and wear of the tribosystem

99 14 nm

a) p=2 MPs, v=0.5 m/s b) p=3 MPa, v=1.5 m/s

Fig. 8. Influence of the sliding speed on the processes taking place into the superficial layers
of the composite polyamide +20% micro glass spheres, after dry sliding of a steel pin on the
composite disk [29].

Fig. 9. Wear particle from a shoe made Fig. 10. Wear particle from a shoe made
of PTFE, dry sliding of PTFE + 60% bronze, water lubrication
(p=0.76 MPa and v=0.5 m/s). (p=0.76 MPa and v=0.5 m/s).
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Wear particle obtained after dry sliding
10 km at v=1I m/s, p=1 MPa, pin-on-disk, disk
made of polyamide, pin made of steel
(background - carbon strip)

Wear particle obtained after dry sliding 10 km at v=1 m/s,
p=I1 MPa, pin-on-disk, disk made of composite with
polyamide matrix and 20% micro glass spheres, pin made

of steel

Fig. 11. SEM images of debris detached after pin-on-disk tests.

The disadvantages are that it is a time-
consuming investigation and special higher resolution
coating techniques are required for high magnification
imaging of either organic or inorganic thin films.

The images could reveal how a glass fiber is
broken (Fig. 7a) or how the soft polymer such as
PTFE is acting like a solid lubricant (Fig. 7b).

The symbol p is used for average pressure on
contact.

Both optical and SEM microscopies allow
studying the wear debris and the influence that some
factors such as regime type, speed and load could

influence their generation. SEM and optical images
could be useful for estimating the size distribution of
the adding materials, but the results are sensitive to
the scale and the number of the analyzed images. For
instance, Figure 12 presents two SEM images of
micro glass spheres that will be added into a
polyamide matrix. Using an appropriate soft, the
images at a smaller scale could give a more accurate
size distribution but a larger scale reveals the smaller
particles and their size around several hundred
nanometers.

b)

Fig. 12. SEM images of the micro glass spheres, at different scale that could be used
for evaluating the size dispersion.

If the composite constituents are chemically
non-reactive one to each other during the functioning
of the tribosystem, the images could serve to evaluate
the surface concentration of each one. For instance, in

dry regime for the composite PTFE + 60% bronze, it
was obtained a surface concentration of 15.7...21.5%
PTFE. The bags of PTFE have the tendency to get
longer in the sliding direction and the process of

-10 -
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polymer transfer is observed even on the composite
(Fig. 7b) not only on the steel roller, in thin slices
(light-grey colours); this process is favourable for
reducing friction as presented in the model [5, 37].
After sliding in water, the surface percentage of PTFE
on the tribolayer is 11.35...18.35% for the studied
shoes, similar to the other shoes tested in water in
open circuit at speed higher than Im/s. For this

a) the highest concentration obtained for the shoe
tested at 4 kN

metallic mass and this is the reason why the surface
concentration on the tribolayer is not significantly
changed. PTFE bags have the tendency to become
spheres under the action of stress field, maybe with
flat or cut zone on the surface. These spheres are
smaller towards the surface as the tribolayer is locally
compressed and fragmented (Fig. 13). In dry regime it
was obtained a surface concentration of 15.7...21.5%
PTFE.

b) the least concentration on the same shoe, obtained in
the middle zone of the loaded zone

Fig. 13. Surface of the composite PTFE + 60% bronze after sliding in water for 10,500 m at v=2.5
m/s and F=4 kN, test done on shoe <60 x 25 mm on steel shaft.

3.3. X-ray diffractometry

X-ray diffraction techniques could do a
characterization of crystalline materials, including
polymers, and their composites, identifying the phases
present in samples from raw materials to finished
products and to provide information on the physical
state of the sample, such as grain size, texture, and
crystal perfection. Most X-ray diffraction techniques
are rapid and nondestructive [20, 23]. By X-rays
diffraction method, the structure and inner tension
changes occurring in the superficial layer have been
evinced.

Wide angle X-ray diffractometry provides
information on the crystal structure and the
orientation. Low angle X-ray scattering offers
information on the size and regularity of lamellar
crystals' packing but the interpretation is often a
difficult matter [23]. A systematic study on the
tribological behaviour of polymers and their
composites is hard to achieve during testing; thus
many results are dealing with the analysis of after-
tests.

After dry friction, the X-ray investigation of the
structural changes in the superficial layer of PTFE, the
volume of the hexagonal cell was found to be
reduced, the crystallites were found to be enlarged
and residual stresses were found to be introduced as a
result of this transition [21, 40]. Figure 14 present
diffractograms in a range of 30...45 degrees for the

angle 26 as the most important structural changes of
this polymer occur in this angle range [20, 41].
Diffracted X-rays are mono-chromatised before being
detected, this leading to avoid background noise.

After friction under lubricated regime (water),
the amorphous structure is more consistent. The
fragmentation of the molecular chains of PTFE is
pointed out by the appearance of new diffraction
peaks. This is caused by mechanical processes as a
consequence that water film is discontinuous.

The same cause also provokes a forced
orientation of the fragmented micro-volumes and
chains of the polymer within the superficial layer,
pointed out by the increase of peaks’ intensities. For
v=1.5 m/s, within the superficial layer, the
fragmentation of the molecular chains is diminished
as compared to that for v=0.7m/s, but the noticed
fragments have a more accentuated orientation. This
could be explained by the fact that there are
conditions to generate a more stable lubricant film
and on a greater part of the contact area.

For the composites PTFE + glass fibers, the
same types of structural modifications are noticed
(fragmentation and forced orientation of the molecular
chains of the polymer) but they are less intense, and
the modifications diminish as the glass fiber
concentration increases.

As pointed out in [5, 33, 37, 39], the glass fibers
play the part of an unorganized net that does not allow

-11 -
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for a too intense fragmentation and orientation of the
polymer matrix within the superficial layers, also
reducing the wear with one order or even more [6, 19,
39].

L]
v 25
Moyt " oy s
0 0.7
45 40 35 30

20

PTFE + 40% glass fiber

Fig. 14. The parameters of the investigation
were voltage U=34kV, current intensity I=30mA
and there was investigated a range of 260
between 25 and 45 degrees.

After testing by sliding in water at constant
speed and load, against steel, the new appeared
structures in composites PTFE+ glass fiber are in a
lower quantity as comparing to the pure PTFE
sample. This change in the diffractograms may be
explained as following:

- the presence of a smaller quantity of PTFE in
the superficial layer due to adhesive or abrasive wear,
supported especially by the polymeric matrix,

- the presence of glass fibers does not probably
allow orientating the new structures.

Comparing after-testing diffractograms for
PTFE +15% glass fiber to that for PTFE + 40% glass
fiber, one may notice the presence of the same
structures but lower fiber concentration. The PTFE

peaks are very clear and the structure of the polymer
is much more oriented as compared to the composites.

An increase of the peaks’ heights for higher
speeds may suggest a forced orientation of the
polymer crystallites.

But for the highest value of sliding speed, the
peak heights decrease and the basic level of the
diffractograms is lifted, pointing out a decrease of the
structure orientation and an increase of the amorphous
phase. These aspects may be interpreted only making
a correlation to wear values. The depth of the X-ray
investigation is approximately 100...200 pm. If wear
is considerable, the superficial layer investigated for
extreme values of sliding speed is totally new, and
very fragmented. It is important to point out that
average pressure is not quite relevant for result
interpretation.

It will be more useful to know the maximum
contact pressure that could be several times greater
than the average, closer to the flow limit of the
polymer. For composites PTFE + glass fibers, the
changes in diffractograms aspects are not so dramatic,
suggesting that the fiber net makes the superficial
layer more stable, including the structure orientation
and the crystallinity degree. The higher level of the
after-test diffractograms indicates the fragmentation
of initial structures.

The appearance of new structural crystallites is
not so evident for composites with higher fiber
concentration.

Pointing out these aspects allows selecting the
adding material related to their quality (fibers,
powder, mechanical properties etc.) and their quantity
in order to obtain a composite with a better
tribological behaviour.

3.4. 3D profilometry

Due to modern softwares, the data recorded with
the help of 3D contact or non-contact profilometers,
make possible to calculate many roughness
parameters [3, 42].

Comparing statistical data on these parameters,
the tribologists could establish the surface quality
after testing and the influence of several factors on the
magnitude of parameters.

They are especially interested in studying the
functional parameters (as given from the Abbot
Firestone loading bearing area).

Virtual images as those in Figure 15 could be
used for identifying the processes taking place into
the superficial layers.

Figure 16 presents the influence of the micro
glass spheres concentration on the amplitude
parameters for two dry sliding regimes. The
interpretation should be done carefully as the plots
have a statistical character, and could be altered by the

-12 -
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number of measurements [12, 28]. In this figure, the =~ measurements on 500 x 500 um, equi-angularly on
plotted results are the average value from three  the wear track of the composite disk.

¥[um] 0.0

-100.0-

-200.0 -
| Z[um)

! T —————— ~ - L 100 ] 7
-200.0 -100.0 | 0.0 -200.0 -100.0

100.0 200.0 Y 0.0 106_0 ' -10.0
Xfpm] Xfpm] 2000

a) v=I m/s, p=1 MPa b)v=1.5m/s, p=1 MPa
Fig. 15. Virtual images created from data obtained with the help of a dedicated soft [42] after data
acquisition with the help of a 3D profilometer for the wear track on the composite with polyamide
matrix and 50% micro glass spheres, after being tested under dry sliding
(pin-on disk tribotester).

40
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v=0.5m/s v=15m/s
Fig. 16. Amplitude parameters as a function of concentration of micro glass spheres for two sliding

speeds, at p=3 MPa (all symbols are defined in [3, 42]: Sa — roughness average, Sq — root mean
square, Sy — the maximum height peak-valley, S10z — ten point heights.

3.5. Thermal survey

This method of monitoring the contact during
functioning is now easy to be done with the help of an
accurate thermographic camera and a dedicated soft
for obtaining the temperature evolution in time on
different zones of the triboelements ,,exposed” to the
camera.

Figure 17 presents a thermographic survey of a
pin-on-disk contact for a composite PA+ micro glass
sphere revealing that thermal field and the friction
coefficient are interconnected.

Using analytical or numerical methods and  Fig. 17. Points for temperature survey for a pin-
knowing the temperature at the contact edge, one may  on-disk test for a disk made of polyamide and pin
calculate the maximum temperature in contact. made of steel.
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The temperature is very important for the
polymeric composite [2, 5, 37], allowing a decrease of
the friction coefficient when the temperature is high
enough to generate a very thin viscous or melt
polymer film. The monitoring of the temperature field
was done with the help of a thermographic camera.
Figure 18 gives the temperature evolution for three
points on the pin-on-disk tribotester: ARO1 — for the
contact between pin and disk, AR02 — 90 degrees in
back of the contact, on the wear track, AR03 — a point

diameterlly opposed to the contact. Studying the
friction coefficient one may notice that peaks of
temperature evolution are accompanied by rises in the
friction coefficient, meaning a change of the regime
conditions.

A possible explanation is: a high temperature
softens the polymer and for a time period, this viscous
material help reducing the friction coefficient value
and the process is dynamically repeated, with
different time durations.

.
o ARO1
21004 AR03
2]
1 g0 ARO2
£ 1 |
L] 4
* 60
40&j Timp (h)
0 1640 3320 50.00 1:06:40 140:00 2320 246:40

Fig. 18. Temperature recorded in three points on

the wear track of the disk made of composite with

polyamide matrix and 20% micro glass spheres at v=1 m/s, p=1 MPa [2§].

0.8
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Fig. 19. Evolution in time of the friction coefficient for the same test conditions
as those in Figure 18 [28].

4. Conclusion

The investigation of the superficial layers of the
polymeric composites has to use several methods
(some of them being exemplified in this paper) in
order to identify the processes and the influencing
factors.

Of course there are other investigation
techniques that were not mentioned there (AFM
microscopy, spectrometry etc.).

Specialists have to design the adequate set of
investigation techniques, that could reveal the relevant
processes for tribological applications.

-1
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ABSTRACT

Electrocodeposition of alumina nanoparticles with copper onto nickel
substrate was prepared through the potentiostatic method. The codeposited films
were obtained at different nanoparticle concentrations: 5, 10, 15, 20 and 25 gL’
The corrosion behaviour of codeposited films has been observed by introducing
them in different corrosive environments: 0.5 M H,SO,, HCI and HNOj solutions.
The corrosion study has been realized using the linear polarization method. The
corrosion rate and polarisation resistance values were obtained from the Tafel
curves. The highest concentration of alumina nanoparticles had increased the
corrosion resistance of Cu-Al,O; codeposited films. Also, in order to confirm these
results, the gravimetric parameter was calculated by means of the mass loss method.

KEYWORDS: electrocodeposition, cooper, alumina, corrosion, Tafel curves

1. Introduction

There are several methods and techniques for
protecting the surface of metallic materials against the
aggressive action of environment [1]. The alumina
coatings have a protective function, being a physical
barrier between the metal surface and the aggressive
environment [2].

The corrosive process study is very important to
prevent and control this spontaneous phenomenon.
The corrosion study has been realized using the linear
polarization method and performed in three different
acid environments: 0.5 M H,SO,, HCI, and HNO;
solutions.

The electrocodeposited films of the alumina
nanoparticles with copper matrix on nickel substrate

were obtained at different nanoparticle concentrations:

5, 10, 15, 20 and 25 gL'l by means of the
chronoamperometric method.

This paper presents the synthesis of the Cu-
ALO; nanocomposite films by means of the
potentiostatic  electrochemical method and the
corrosion behaviour is evaluated through the
comparative analysis of the corrosion resistance
values obtained for solid samples.

Some results concerning the behaviour into
corrosive environment of nickel samples coated with
Cu-Al)0O; films are reported [1].

2. Materials and methods

Copper films have been electrodeposited onto
nickel substrate from an electrolyte solution having
the following composition: 0.8 M CuSO4x5H,0, 0.55
M H,SO,, 0.003 M HCI diluted in 100 mL volume
solution [3]. A three electrode system with an
electrochemical cell volume of 100 ml was used to
perform the experiments.

*Paper presented at the Symposium ""The Impact of Nanotechnologies and Nanomaterials on Industrial Development and
Quality of Life", Galati, May 19, 2011, organized by the Center for Nanostructures and Functional Materials (CNMF),
Faculty of Metallurgy, Materials Sciences and Environment, “Dunarea de Jos” University of Galati
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The counter electrode was a platinum sheet and
the reference electrode was an Ag/AgCl.

The working electrode was the nickel substrate
which has an electroactive area of 2.5 cm”.

Before each experiment, the working electrode
was mechanically polished with abrasive silicon
carbide paper, degreased in acetone and alcohol,
etched with 1:10 HNO;:H,O, rinsed with distilled
water and then, dried in air.

The process will occur without magnetic stirring.
The electrolyte pH was recorded by means of the
Consort C931 equipment.

The temperature was controlled with a
thermostat. Also, before and after codeposition the
samples, weight was measured using an electronic
balance (model ESJ200-4).

The coatings preparation was carried out
potentiostatically with a potentiostat/galvanostat
VoltaLab10 interfaced with VoltaMaster4 software
for data acquisition and analysis. After deposition, the
samples were rinsed with bidistilled water to remove
loosely adherent nanoparticles.

The composite coatings consisting of Al,O;
nanoparticles in a copper matrix have been
electrocodeposited onto nickel substrate during 30
min. as deposition time at 50°C and pH of 1.7 [4].
Five different Al,O; particle concentrations were used
to obtain the composite films (5 , 10, 15, 20 and 25
gL™"). The process starts at 450 rpm as stirring rate.

The corrosion behaviour was carried out with a
VoltaLab10 potentiostat. Potentiodynamic
polarisation curves of the codeposited films were
measured from -1000 mV toward the anodic direction
of 1000 mV with a scan rate of 50 mV/s. The
corrosion behaviour of codeposited films has been
observed by introducing them in different corrosive
environments: 0.5 M H,SO,, HCI and HNOs solutions.
The exposure corrosion time is 60 s.

The linear polarisation (Tafel curves) was used
as method to study the corrosion behaviour. From the
anodic and cathodic polarization potentiodynamic
curves were obtained the main electrochemical
parameters of the corrosion process: corrosion
potential E,,,, corrosion current density
polarization resistance R, and corrosion rate V.

The corrosion rate is automatically calculated by
specialized computer software using the Randles-
Sevcik equation (1). Before and after each experiment,
the weight of samples was measured by means of
analytical balance. The mass losses (difference
between the final and initial weight) are calculated by
means of the gravimetric method and showed in Table
1. Also, the penetration index was calculated.

lc‘orr‘o

3. Results and discussion

The corrosion rates (Table 1) determination was
achieved by means of the “mass loss method” [5] in
static regime at room temperature and it is calculated
based on the equation (1):

_Am n
corr S -t
where: V., = gravimetric index [g/mzsl]; Am =

weight loss (before and after the corrosion test) by
corrosion [g]; S = corroded surface area [m’]; ¢ =
corrosion time [s]. The average depth of the
composite corrosive destruction is calculated using
the formula (2):

V
p=—2r.876 @)
yo,
where: p = penetration index [mm/y]; V.,

gravimetric index [g/m’s]; p = composite film density
[g/cm’]. The results are presented in Table 1.

Table 1. The Cu-Al,0; electrocodeposition
behaviour in various acid environments by
means of the gravimetric method

Acid | AI203 Conc. (g/l) | Weight difference {g) |v cor (4/m2s)| Penetration index (mm/)| Am (4]

5 0.0044 0524 083 08578

10 0.0032 0762 0.52 00032

504 15 00015 03 022 00015

il 0.0031 0,651 044 00031

A 00030 1630 043 0003

5 0.0004 007 0.05 0004

10 0.0005 0108 00 00005

HCI 15 0.0008 0147 01 0008

Pl 0,000 0.1 013 00008

Jd 0.0008 (.168 0.1 - 000G

5 0.0008 0.1% 013 0008

10 00039 0382 0.2 00039

HNO; 15 oot 0167 0 00017

il 00013 0176 01 00018

P 0.0018 0331 0.22 00018

The results from Table 1 are indicated that the
less aggressive environment is the HCI against the
nanocomposite Cu-ALOs (5 gL ™).

On the other hand, the codeposited films are
highly corroded in the H,SO, solution.

Fig. 1 shows the influence of the alumina
nanoparticle concentrations on the composites
corrosion rate measured during the polarisation
studies. These data show that the Cu-AlO;
codeposition has a real protection effect.
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The  ALO,; nanoparticle  concentrations
increasing lead to the significant decrease of the
corrosion rate in each acid environment. 15 gL
AlLO; nanoparticles present the higher corrosion rate
in HNO; and the nanocomposites with 5, respectively
25gL™" are more resistant to corrosion.

20 ~

---m--- HCl
— @- — HNO3

/
VAR

T T T s v 1

0 5 10 15 20 25 30
c[gL?]
Fig. 1. The corrosion rate variation with the
AlL,O;3 nanoparticle concentrations.
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vcorr [mmy ] x 102
=
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In this case, the corrosion rate values are

automatically calculated by the VoltaMaster4
software [6] based on the equation (3):
0.051-i .
I/corr =—"5 (3)
p-4

and according to the Stearn-Geary equation (4) [6,7]:

R:[ 1 Hﬂﬂ} @
" 1230340, | [ B, +5.

where: V., = corrosion rate [mm/y]; i, = corrosion
current density [A/dm’]; 4 = composite molecular
weight [g/mol]; p = composite film density [g/cm’];
R, = polarisation resistance [Qcm’]; A, = anodic Tafel
slope [mV]; . = cathodic Tafel slope [mV].

The most aggressive environments are the 0.5M
H,SO, and HNOj solutions for which are recorded the
highest corrosion values. Namely, the composites Cu-
Al,O; with 15 gL'1 nanoparticle concentrations are
exposed to a very aggressive corrosion into acid
environment. In the presence of 0.5 M HCI solution,
almost all samples have a good behaviour by surface
passivation process.

The effect of Al,O; nanoparticle concentrations
on the composite layer thickness was studied. The
layer thickness was calculated using the formula (5):

d:A_m.104 )

S-p
where: d = thickness [um]; 4m = weight difference
[g]: S = surface area [cm’]; p = composite density
[g/em’].

35
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Fig. 2. The layer thickness variation with the
ALO;snanoparticle concentrations.

The layer thickness shows a non-linear
increased tendency when increasing the ALO;
nanoparticle concentrations due to the stirring effect
on the electrolyte solutions. The degree of alumina
nanoparticles included in copper matrix increases
when increasing the nanoparticle concentrations.
Thereby, the thickness has varied with concentration
and the high values of thickness correspond to 10 and
20 gL' nanoparticles in electrolyte.

The composites were carefully cleaned and
rinsed with bidistilled water before their immersion in
the electrochemical cell with acid solution. Each
measurement started after 60 s to access an
equilibrium potential between composite films and
acid solution, because of electronic interactions at the
interface [7, 8, 9]. The point of intersection between
the anodic and cathodic reactions establishes the
corrosion potential (E.,,) of the composites and
indicates the magnitude of the corrosion current (i.,,,.).
The corrosion process at Cu-Al,O; composite films
surface was studied by means of the linear
polarisation method [6].

Fig. 3-5 present the electrochemical behaviour
of Cu-AlL,O; composite films tested in three acid
environments. Fig. 3 shows the polarization curves in
case of Cu-Al,O; composite films immersed in 0.5M
H,SO, solution. The E,,,. potential was shifted to high
negative values when increasing nanoparticle
concentrations.

The Cu-ALO; composite with 25 gL' has the
most negative E.,, value potential, thus confirming
the highest corrosion rate value. This fact can be due
to the poor inclusion ability of alumina nanoparticles
into a metallic matrix when the concentration is
higher. More corrosion resistant could be Cu-Al,O;
composite  film with 5 gL'  nanoparticle
concentrations. All cathodic branches are linearly
shaped (no surfaces passivated) and the composite
surfaces are more susceptible in the H,SO,
electrochemical solution.
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Fig. 3. Tafel polarisation curves of
Cu-Al,0;3 composite films in 0.5 M H>SO,
environment.

Fig. 4 shows the polarization curves in case of
Cu-AL,O; composite films immersed in 0.5 M HCI
solution. The E., potential was shifted to less
negative values (compared to the first corrosion test)
when increasing nanoparticle concentrations [6].

The Cu-ALO; composite with 15 gL has the
most negative E.,, value potential, thus confirming
the highest corrosion rate value. This fact can be due
to the poor inclusion ability of alumina nanoparticles
into a metallic matrix when the concentration
increases. More corrosion resistant could be the Cu-
ALO; composite film with 5 gL nanoparticle
concentrations due to the surface passivation process.
However, all sample surfaces, are not stable in this
solution due to the non-linear shape of the cathodic

and anodic branches.
|

log i

E [mV] vs. AgiAgCl

Fig. 4. Tafel polarisation curves of
Cu-Al,0; composite films in 0.5 M HCI
environment.

Fig. 5 shows the polarization curves in case of
Cu-AlLO; composite films immersed in 0.5 M HNO;
solution. The E.,, potential was shifted to most
negative values.

The Cu-ALO; composite with 25 gL has the
most negative E,, value potential, thus confirming
the highest corrosion rate value. The cathodic branch
appears linearly shape for 25 gL nanoparticle
concentrations, so there is no passivity reaction [6].

HNOg

log i

E [mV] vs. AglfAgCl

Fig. 5. Tafel polarisation curves of
Cu-Al,O;5 composite films in 0.5 M HNO;
environment.

However, for the other concentration, the
cathodic branches are non-linear due to the oxide
layer formation. The most corrosion resistant could be
the Cu-AlL,O; composite film with 5, 10, 15 and 20
gL nanoparticle concentrations due to the surface
passivation process (E. is shifted to zero value). The
decreasing of nanoparticle concentrations in the
electrolyte increases the electrochemical passivation
from cathodic and anodic polarisation curves. This
behaviour can be explained on the basis of the inert
action of this environment against samples.

4. Conclusions

From the obtained results of the polarization
measurement method (Tafel curves) of the Cu-Al,O;
composite films exposed to various acid environments
it may be concluded that:

e Nanocomposite thin films which consist of
ALO; nanoparticles in a copper metal matrix were
deposited on a nickel substrate and synthesized using
the electrocodeposition method.

e The corrosion process and electrochemical
parameters depend on some factors: electrolyte type,
exposure time, pH value, chemical composition of
working electrode, applied scanning potential,
nanoparticle concentrations and particles size.

e The increasing of Al,O; nanoparticle
concentrations led to the increasing corrosion
resistance.
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e The highest corrosive rate corresponds to
H,SO, atmospheres (for 25 gL'1 ALO3).

e The 0.5 M HNOj; solution is the least corrosive
environment because this environment can limit the
corrosion process by hydrogen ions evolution
inhibition.

e The presence of Al,O; nanoparticles led to
quickly passivation into the 0.5 M HCI environment.

e  The thickness layer increases non-linearly with
the nanoparticle concentrations. The largest thickness
corresponds to 20 gL' Al Os.

e The destructive action shown in these
experiments could be determined by the chemical
reactions occurred as a result of electric currents
passing through the liquid environment.
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ABSTRACT

In this paper the analytical techniques of X-Ray Fluorescence (XRF) and Gas
Chromatography with Electron Capture Detection (GC-ECD) and coupled with
Mass Spectrometry (GC-MS) are used in order to assess the level of industrial and
agricultural pollution of soils. The soil samples were collected from Galati County,
near an industrial plant and near cultivated areas. In this study, it is investigated the
way in which the anthropic activities influence the quality of the environment, due to
the contribution of inorganic and organic elements enrichments.

KEYWORDS: XRF, GC-ECD, GC-MS, organic and inorganic pollutants, soil

pollution
1. Introduction

The extent of anthropogenic environmental
pollution did affect the quality of the environment,
and also the human life. Polycyclic aromatic
hydrocarbons, commonly referred to as PAHs, are
classified as organic compounds of two or more fused
aromatic rings of carbon and hydrogen [1].

One of the most important sources of PAHs is
the incomplete and/or inefficient combustion of fossil
fuels. The steel production is involving either the
refining of molten iron made from ore or the refining
of recycled scrap steel. The first way is involving a
high consumption of energy, by burning fossil fuels,
being a contributor to PAHs discharge into the
environment.

The second way of production is more electric
furnace dependent, discharging a much smaller
amount of PAH into the environment [1].

In other studies, there have been used zucchini
(Cucurbita pepo L.) and spinach (Spinacia oleracea)
as bioaccumulators for persistent organic pollutants
(POPs) and heavy metals [2].

The potential for negative impacts of these
elements and compounds on humans and the
environment is of major concern. The aim of this work
is the determination of some heavy metals and POPs
in soils from selected regions in Romania using the
analytical techniques of X-Ray Fluorescence (XRF)
and Gas Chromatography with electron capture
detection (GC-ECD) and coupled with Mass
Spectrometry (GC-MS).

2. Experimental results

2.1. Sample collection

Six representative locations were chosen for
sample collection of the soils, in Galati and Constanta
counties, Romania, including industrial suburban and
rural zones. Usually the texture of the soil samples
was a mixture of sand and clays. The soil was
collected with proper instruments, labelled and stored
before sample preparation and analysis. The samples
were collected from different depths according to the
characteristics of the sample locations presented in
Table 1.

*Paper presented at the Symposium *"The Impact of Nanotechnologies and Nanomaterials on Industrial Development and
Quality of Life", Galati, May 19, 2011, organized by the Center for Nanostructures and Functional Materials (CNMF),
Faculty of Metallurgy, Materials Sciences and Environment, “Dunarea de Jos” University of Galati
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Table 1. Characteristics of the sample locations

Sample| Depth Sample location (global
No (cm) position) Other characteristics
) N: W:
5 oc sy Y Onyr " Oancea commune, Galati county, close to a cultivated
! 20 45756123.14 28°06'54.91 zone, at 0.01 km from the Prut River
5 Foltesti commune, Galati county, near a stable, and a
2 45°44'36. 3" 28°04'37.73" cultivated area, at 5.99 km from the Prut River and at
15 35 km from the industrial plant
5 Bugeac village, Ostrov commune, South of Romania
3 44°5'56.5" 27°25'48.3" (Dobruja region), Constanta county, unpolluted site, far
30 from traffic
5 oner " P " Sendreni commune, Galati county, near a cultivated
4 30 45725'50.6 27755243 zone, at | km from the steel complex of Galati
5 0n A7 " ocor " Movileni village, Sendreni commune, near the South
> 30 45724313 27°5836.3 gate of the steel complex of Galati
6 5 45°27'19 4" 27058199 57" Smardan commune, near the North gate of the steel
30 complex of Galati
7 5 46°01'27.90" 27043145 55" Adam v1llage, Draguseni commune, Galati county,
30 unpolluted site

2.2. Sample preparation

For the XRF analysis, the soil samples were
dried, the foreign objects were removed, and then the
samples were crushed into a fine powder using a
mortar and pestle. The soil was encapsulated in
specially made capsules to be used for the quantitative
and qualitative determination of 20-22 elements.

For GC-ECD and GC-MS determination, 1 g of
soil sample is used, treated consequently with internal
standard solutions and a mixture of hexane-acetone.
This procedure is named Soxlet method [2].

2.3. Instrumentation

The XRF determinations were performed using a
Niton XLT analyzer from 700 series. It is a portable
device that offers reliable results, at low costs, in a
short time, according to a non-destructive method, and
a very simple sample preparation. These analyses
were done at the European Center of Excellence, from
the Faculty of Sciences, “Dunarea de Jos” University
of Galati, Romania.

GC is an established and well accepted
analytical method for trace organic compounds [3].

The GC-ECD and GC-MS were employed for
the determination of pesticides and PAHs.

The determination of pesticides is accomplished
using an Agilent 6890 gas chromatograph equipped
with ®Ni pECD detector and PAHs concentrations
were obtained by using an Agilent 6890 gas
chromatograph equipped with Agilent 5973 Network
mass spectrometer (GC/MS 6890/5973).

These analyses were performed at Institute of
Geology and  Seismology, Laboratory  of
Geochemistry (GEOLAB) from Chisinau, Moldova.

3. Results and discussion

3.1. XRF results

For the XRF results, the soil sample is measured
for five times, only the average value is in Table 2.
The results indicate that the elements such as As, Cr
and Ni are in all the cases above the normal values.
For Pb, the normal values were exceeded at site 3, 5
and 6. In the case of sites 5 and 6, the values are
indicating an anthropic pollution.

Zinc is an element that did not exceed in any
place the normal values established by the Romanian
legislation [4].

3.2. GC-ECD and GC-MS results

The concentrations of the organic pollutants are
presented in Table 3. Phenanthrene in this case is
representing 94.69%, from the PAHs concentration. In
the case of pesticides b BHC is representing 47%
from the entire concentration. According to the
Romanian legal norms [4] under normal conditions
theltotal amount of PAHs should not exceed 0.1 mg
kg™.

In this case the total amount is 3.831 mg kg,
value found between the normal values and the alert
threshold for sensitive areas.
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Table 2. Heavy metals concentration obtained by the XRF technique

Sample As Cr Cu Ni Pb Zn
No. (mgkg") | (mgkg") | (mgkg") | (mgkg") | (mgkg") | (mgkg™)
1/5cm 9.9 90.09 29.7 60.71 17.22 73.11
1/20 cm 10.51 834 26.63 51.25 15.3 65.38
2/5 cm 5.99 57.1 19.34 38.05 15.21 52.29
2/15 cm 8.01 55.13 17.04 41.7 12.16 42.58
3/5cm 9.62 10234 | 22.66 59.11 20.67 | 68.546
3/30 cm 11.06 12472 | nd. 58.15 23.82 82.03
4/5 cm 9.5 83.728 | 23.68 51.64 18.9 51.404
4/30 cm 10.29 73.01 | 2747 63.86 1651 | 46397
5/5 cm 10.3 52.906 | 29.89 65.55 3037 | 71484
5/30 cm 10.21 71.43 342 63.73 29.74 | 77.168
6/5 cm 9.813 99.194 | 25.13 62.67 25.63 61.62
6/30 cm 10.55 83.752 | 24.82 59.45 21.4 61.19
7/5 em 7.19 69322 | 18.38 4471 11.02 | 34072
7/30 cm 6.24 96.155 | n.d. 36 11.15 19.51

Table 3. Organic compounds concentration obtained by GC and GC-MS technique

Sample PAHs (mg kg™) Pesticides (mg kg™
No. | Naphtalene | Fluorene | Phenanthrene | Antracene | a BHC | b BHC | Heptachlor | Trifluralin
1/5cm 0.001 0.007 0.027 <0.001 <0.002 | <0.002 <0.003 <0.002
1/20 cm 0.002 0.021 0.045 0.002 <0.002 | <0.002 <0.003 <0.002
2/5 cm <0.004 0.033 1.345 0.194 0.027 0.019 0.108 0.231
2/15cm|  <0.004 0.023 0.876 0.125 <0.002 | <0.002 <0.003 <0.002
3/5 cm 0.001 0.007 0.067 0.004 <0.002 | <0.002 0.346 <0.002
3/30ecm | <0.004 <0.001 0.029 <0.001 <0.002 | <0.002 <0.003 <0.002
4/5 cm <0.004 <0.001 0.006 <0.001 2.159 4.273 <0.003 0.152
4/30 cm | <0.004 <0.001 <0.001 <0.001 0.065 0.053 0.260 <0.002
5/5 em 0.001 0.006 <0.001 0.043 <0.002 | <0.002 0.524 <0.002
5/30 cm |  <0.004 0.010 <0.001 0.038 0.062 | <0.002 <0.003 <0.002
6/5 cm 0.010 0.008 0.008 0.010 0.022 | <0.002 <0.003 <0.002
6/30 cm | <0.004 <0.001 <0.001 0.004 0.373 0.203 0.333 <0.002
7/5 cm 0.007 0.006 0.044 <0.001 0.074 | <0.002 <0.003 <0.002
7/30 cm | <0.004 <0.001 <0.001 <0.001 <0.002 | <0.002 <0.003 <0.002
4. Conclusions Acknowledgements

The highest concentration of pesticides is found This paper was supported in part by Project
at location 4, which is an agricultural area. TIPSARMER  72-172/1.10.2008 funded by the

The highest concentration of PAH is found for National Plan of Research, Developing and

location 2, which is close to a stable and to an
agricultural area.

The high amount of PAHs can be explained by
the waste incineration and also by its closeness to a
main industrial point.

The heavy metal concentration is maximum at
site 3 and minimum at site 2. Site 3 exhibits the
highest amounts of Cr.

This metal is also found in pesticides and this
can be the most probable source, because the site is
close to a cultivated area.

Innovation, of implementation of high precision and
sensibility methods for the bio-monitoring of the
environmental pollution in South, South-East and
Central regions of Romania.

The work of Alina Sion (Bosneaga) was
supported by Project SOP HRD - SIMBAD 6853,
1.5/S/15 - 01.10.2008.

Ene Antoaneta would like to acknowledge the
support provided by the European Union, Romanian
Government and Dunarea de Jos University of Galati,
through the project POSDRU 21/1.5/G/19524.

-23-



THE ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI.
FASCICLE IX. METALLURGY AND MATERIALS SCIENCE
N° 4-2011, ISSN 1453 — 083X

[3]. D. Pilla, A.LK.M. Kavadi, P. Gurijala, S. Masuram, M.S.
References Delaney, M.E. Merchant, J. Sneddon, (2009), Determination of
selected chlorohydrocarbons and polyaromatic hydrocarbons by
gas chromatography-mass spectrometry in soils in Southwest
Louisiana, Microchemical Journal, 91, 13-15.
[4]. Reference Values for Trace Elements in Soil, Monitorul
Oficial al Romaniei, No. 303 bis/ 6 XII 1997.

[1]. S. Almaula, (2005), Polycyclic Aromatic Hydrocarbons from
Steelmaking, Environmental Forensics, 6, 143—150.

[2]. Mattina, M.I., Lannucci-Berger, W., Musante, C., White,
J.C., (2003), Concurrent plant uptake of heavy metals and
persistent organic pollutants from soil, Environ Pollution, 124, 375-
378.

-24-



THE ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI.
FASCICLE IX. METALLURGY AND MATERIALS SCIENCE
N° 4-2011, ISSN 1453 — 083X

TITANIA NANOSTRUCTURES PREPARATION
FOR GAS SENSOR APPLICATIONS*

Violeta NECHITA® and Viorica MUSAT

Centre of Nanostructures and Functional Materials-CNMF,
"Dundrea de Jos" University of Galati
“Corresponding author
email: nekitta_vio@yahoo.com

ABSTRACT

The preparation and structural characterization of titanium oxide nanowires
as functional materials for the development of chemical sensors is presented in this
work. The new types of materials for sensorics, aspects of material preparation
relevant for gas sensing applications is presented .The functional characterization is
focused on the detection of alcohols. Titanium oxide thin films prepared by
solvotermalthermal method in highly alkaline conditions and the performance of 1D
nanostructure is compared with mesoporous thin film prepared by sol-gel method.

KEYWORDS: TiO,, conductometric gas sensor, nanostructures, mesoporous

materials

1. Introduction

Many fields of nanotechnology are based on
physical and chemical interactions, involving
nanoparticles of particular size and shape. In order to
use the nanomaterials as sensors it is fundamental to
understand the aspects involved in the synthesis and
also in interaction mechanism during the sensing act.
The ability to systematically manipulate the size and
shape of metal oxide nanoparticles is a major
scientific breakthrough in opening new ways for
production of materials capable of sensing.

It has been known that the electrical resistance
of the semiconductor material (like TiO, which is n-
type) is sensitive to the presence of gases at elevated
temperatures (200-600°C). As an example, reducing
gases (CO, H,, CHy, etc.) lead to an increase of the
conductivity, whereas the effect of oxidizing gases
(O, etc.) is vice versa.

The model most frequently mentioned in the
literature is based on the fact that oxygen atoms
absorbed or adsorbed at the surface form negative
ions resulting in a decrease in the surface
conductivity.

Three different types of ionic species have been
observed on the surface in addition to adsorbed O,
molecules: Oy, O, and O*, which are desorbed at
characteristic temperatures [1]. The presence of a
reactive gas (oxidant or reducer) in the atmosphere, its
adsorption at the surface and its reaction with the
oxygen atoms will result in a decrease or an increase
in surface electrons and, hence, in the conductivity.
Typically, the value measured is the resistance of the
semiconductors, Rs:

Rs =KL ® (1}
where Cs is the concentration of gas in air, K the
sensitivity coefficient, and a is the dimensional power
exponent between 0 and 1. In most cases however, the
value given is the sensitivity value, that is, the ability
of a sensor to detect a given concentration of a test
gas (analyte), is usually estimated as the ratio of the
metal oxide electrical resistance (conductivity) (S =
Reas/Rair, OF Rgi/Rgas) measured in air and in an
atmosphere containing the target gas.

A typical sensor element (Fig. 1) comprises the
following parts:

« Sensitive layer deposited over a
« Substrate (glass, Si, SiO,, ceramics) provided

*Paper presented at the Symposium ""The Impact of Nanotechnologies and Nanomaterials on Industrial Development and
Quality of Life", Galati, May 19, 2011, organized by the Center for Nanostructures and Functional Materials (CNMF),
Faculty of Metallurgy, Materials Sciences and Environment, “Dunarea de Jos” University of Galati
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with

* Electrodes (Pt, Pd, Au, etc.) for the measurement
of the electrical characteristics. The device is
generally heated by its own

* Heater; this one is separated from the sensing
layer and the electrodes by an electrical insulating
layer [2].

I U=~

Contacts TiO-Layer

Substrate

Fig. 1. Representation of a sensor element.

Conductometric (resistive) metal oxide sensors
comprise a significant part of the gas sensor
component market. While many different approaches
to gas detection are available, metal oxide sensors
remain a widely used choice for a range of gas
species. These devices offer low cost, high sensitivity,
fast response and relative simplicity. Also, these
sensors possessed a number of unwanted
characteristics, such as high cross-sensitivity,
sensitivity to humidity and long-term drift. In order to
improve their performance a series of various metal-
oxide semiconductors have been tested such as: SnO,,
ZIIO, TiOZ, WO3 etc.

It was settled that the sensor characteristics can
be changed by varying the crystal structure, dopants,
preparation technology, operation temperature, etc.
Nonetheless, highly specific metal-oxide sensors were
still not available. In recent years, the interest of
researchers to gas-sensitive materials has grown
substantially due to the progress in nanotechnology.
This interest is primarily related to the promising
electronic properties of nanomaterials, their size
dependence and ability to control the material
structure by new experimental techniques. More and
more materials and devices are produced every year
with the use of nanotechnology. This paper discusses
several synthetic strategies for preparation of
nanostructured materials for gas sensor applications.

2. Nanostructured materials obtained
used for new generation sensors

Up to now a large number of publications
reported the capability of nanosized TiO, to detect gas
molecules of organic compounds (alcohol, methanol,
n-propanol, acetone, benzene) [3-6], oxidants (NO,,

CO, 0O,) [7-10], and reductants (H,, NH3) [11-13]
have been reported for nanosized TiO,.
The metal oxide film can take a number of

forms, generally determined by the deposition
method.
Films deposited using chemical vapor

deposition or sputtering tend to be thin and compact.
Films deposited by casting of sol-gels and colloidal
dispersions, tend to be thicker and porous with
nanostuctured features.

2.1. Porous nanostructured materials
obtained by sol-gel methods

Sol-gel processing is a low temperature, high
versatile synthesis route that is particularly suitable
for the deposition of thin nanostructured films from a
liquid phase. It is efficacious way to control the
dimensions of the grains. By reducing the particles
sizes, the conduction of the sample may be controlled
either by the grain boundaries, necks, or by the grains.
The latter case is the most desirable, since it allows
achieving the highest resistance change.

In the synthesis, the precursors, which are
usually inorganic metal salts or metal organic
compounds such as metal alkoxides, undergo
hydrolyze  followed by  condensation  and
polymerization reactions. Complete polymerization
and loss of solvent leads to a solid gel phase [14]. In
case of titania, as precursors can also be used titanium
halides.

Several factors
hydrolysis reaction:

(a) the nature of the precursor;

(b) the nature of the solvent;

(c) the concentration of each species in the
solvent;

(d) the temperature;

(e) the water to precursor molar ratio;

(f) the presence of acid or base catalysts.

Iq (x DR o .
B e @.@
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Polymerig
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Hydrophobic
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Fig. 2. Schematic view of the steps leading from
a solution to a mesoporous oxide network [21].
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The properties of sol-gel materials can be
enhanced by increasing their surface area by making
them porous materials. In such material the volume of
the layer is accessible to the gases and therefore the
active surface is much higher than the geometric area
and the sensor response is higher. Thus, mesoporous
TiO,, fabricated using a self-assembly of a surfactant
(Fig. 2) exhibit higher sensor performance than
corresponding metal-oxide materials, having lower
specific surface area.

Depending on the required pore size, block
copolymers, latex spheres, water-in-oil emulsions,
polystyrene particles, colloidal crystals, and
bioskeletons have been used as templates [15-18]. The
most commonly wused organic templates were
amphiphilic poly (alkylene oxide) block copolymers,
such as HO(CH2CH2O)zo-(CHQCH(CH3)0)70
(CH,CH,O)H  (called Pluronic P-123) and
HO(CH,CH,0),06(CH,CH(CH3)O)70.(CH,CH,0),06H
(called Pluronic F-127). Carbon nanotubes [19] and
mesoporous SBA-15 [20] have also been used as the
skeleton for mesoporous TiO,. A disadvantage of
using a template is that the dominant length scale of
the resulting porous structure is fixed by the template
size.

03

o

Fig. 3. AFM image of TiO, thin mesoporous
film [25].

Recently, Sanchez and co-workers showed the
formation of highly organized mesoporous titania thin
films [21-24]. Our group obtained TiO, mesoporous
thin film (Fig. 3) with average roughness 0.9969 nm,
grains 27-40 nm, and average pores’ diameter 17 nm
[25].

M.M. Yusuf and coworkers [26] prepared a
porous anatase film by the surfactant-templeting
method having the porosity of about 64% and grain
size of 30 nm. The grains are columnar as a result of
surfactant micelles shape before annealing process.

Yu et al. prepared three-dimensional and
thermally stable mesoporous TiO, without the use of
any surfactants [27]. Briefly, monodispersed TiO,
nanoparticles were formed initially by ultrasound-

assisted hydrolysis of acetic acid modified titanium

isopropoxide. Mesoporous spherical or globular
particles were then produced by controlled
condensation and agglomeration of these sol
nanoparticles  under  high-intensity  ultrasound
radiation.

The mesoporous TiO, had a wormhole-like
structure consisting of TiO, nanoparticles and a lack
of long-range order [27].

2.2. Porous doped nanostructured materials

The application of nanotechnology in
preparation of gas sensors is not limited by production
of nanostructured semiconducting thin films only. It is
known that by dispersing a low concentration of
metallic nanoparticles (such as Pd, Pt, Nb, La, Cu, W,
Cr, Sn, etc.) on the TiO, grains, the sensitivity and
selectivity can be improved [28-33]. Carney et al.
found that sensors based on SnO,-TiO, with higher
surface areas were more sensitive to H, [34]. Devi et
al. found that ordered mesoporous TiO, exhibited
higher H, and CO sensitivities than sensors made
from common TiO, powders due to increased surface
area, and the sensitivity could be further improved by
loading the sensor with 0.5 mol % Nb205 [35].It has
been observed that TiO, doped with Nb and Pt
sensors have a good performance in detecting ethanol
vapor [36-40], while Cu- or Co- doped TiO,
nanoparticles were good candidates for CO sensing
[41].

Fig. 4. SEM image of TiO, film [26].

Also, one of the most popular nanomaterials
nowadays, carbon nanotube (CNT), was used as
dopant to improve the gas detection. It was found that
CNTs can be added to TiO, substrate to form
alcohols-sensitive material. The doping increases the
sensitivity in comparison with pure TiO, sensor.
Hybrid SWCNTSs/Nb-Pt co-doped TiO, thin films
were prepared by the sol-gel spin-coating process
[42]. The SWCNTs were well embedded in the TiO,
matrix and did not affect the morphology of the TiO,
thin film and the particle size. Experimental results
revealed that the responses to ethanol of Nb—Pt co-
doped TiO, sensors with SWNCTs inclusion increase
by factors of 2-5, compared to that of the sensor
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without SWCNTs. Moreover, all hybrid sensors can
operate with high sensitivity and stability at relatively
low operating temperature (<335 °C).

Titania (usually in the rutile phase) is widely
used bulk conductivity sensors for oxygen [43-44].
The detection mechanism implies the diffusion of
oxygen ions in the bulk of the material, at high
temperatures (700—1000 °C).

For anatase titania, oxygen detection can be
associated to a surface reaction, which takes place at
lower temperatures (400-500 °C). Llobet et al. [45]
achieved at significantly lower operating temperature
(350 °C), a response more than four times higher than
the one found for titania not containing carbon
nanotubes.

Pt addition in TiO, promoted the structural
transformation of the starting anatase phase to rutile,
with a more enhanced effect with increasing the Pt
concentration. H, gas-sensing tests evidenced that the
anatase phase was much more sensitive than the rutile
one. The presence of Pt further enhanced the gas-
sensing properties, lowering the optimum sensor
operation temperature to about 330 °C [46].

In our work [25] we obtained an Nb doped TiO,
mesoporous thin film with average roughness of
0,594704 nm, grain size: 19-26 nm and pore diameter:
16 nm (Fig. 5).

~ 100 nm
P 8= =

Fig. 5. Nb (1wt.%)-TiO, mesoporous
thin film [25].

2.3. 1D nanostructured materials for new

generation of gas-sensors

Nowadays, most of the commercial metal-oxide
gas sensors are manufactured using the screen-
printing method on small and thin ceramic substrates.
The power consumption of this kind of sensor can be
as high as 1 W, which makes it impossible to use in
battery-driven devices. Also they face problems with
thermal isolation between sensor element and
housing. These shortcomings promote the
development of substrate technology and strong
research in sensitive layer preparation. Concerning the
substrate issue, one way to solve it is the integration

of sensing standard microelectronic
processing.

At present, the efforts are focused on the sensing
layer. This layer can be compact or porous, depending
on the preparation technique used. Typically, porous
layers possess higher active surface than the
geometric one. The most common sensor preparation

techniques are presented in Table 1.

layer in

Table 1. Deposition techniques used for the
preparation of metal oxides [49]

Paste/slurry deposition  CVD PVD
Sputtering  Evaporation
Screen-printing Thermal Sputtering ~ Molecular beam
epitaxy
Drop deposition Plasma Reactive Thermal
activated sputtering evaporation
Dip coating Laser Cathode Reactive
induced sputtering evaporation
Spray deposition Electroless ~ With bias lon plating
plating voltage

Reactive ion
plating

Arc evaporation
Laser evaporation

Nanotechnology provided the new tools to
control the microstructure of sensitive layer, allowing
to obtain materials with narrow grain size distribution,
this meaning a greater stability in time. The studies of
thin films of TiO, have shown the strong increase of
sensitivity with the reduction of the oxide particle size
to nanometer scale. Systematic analysis of grain size
dependence of TiO, sensitivity was reported in
literature. [47-48]

Fig. 6. Nb (3wt.%), CNT(0.002wt.%) -codoped
TiO, [45].

New promising methods are based on deposition
of metal on a substrate followed by oxidation.
Controlling  the  oxidation  parameters the
stoichiometry of the oxide can be varied. After
annealing, the particles can be oxidized (totally or
partly) to form the highly porous sensitive layer.
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Among these techniques there are Rheotaxial Growth
and Thermal Oxidation (RGTO), Low Temperature
Physical Vapor Deposition (LTPVD) and sputtering-
oxidation method.

Other methods, based on modified sol-gel,
solvothermal method and CVD techniques are also
used to improve the gas sensor performance of
nanostructured metal-oxide materials.

2.3.1. One-dimensional metal oxide

structures

Semiconducting one-dimension metal oxide
structures with well defined geometry and perfect
crystallinity represent a material family for systematic
experimental study and theoretical understanding of
the gas-sensing mechanisms in semiconducting metal
oxides. In analyzing the opportunities of one-
dimensional structures of various types for their
practical application in gas sensors, nano-belts (nano-
ribbons) probably could be the most promising one-
dimensional structure to exploit for gas-sensing
applications. Nano-belts are thin and plain belt-type
structures with rectangular cross-section. At present,
nano-belts have been obtained for nearly all oxides
used in gas sensors. There is considerable data
pertaining to the synthesis of nano-belts for SnO,,
TiO,, In,0;, ZnO, GayOs, etc.. Typical nano-belts
have widths of 20-300 nm, and lengths from several
mm to hundreds, or even some thousands of mm.

The typical width-to-thickness ratio for nano-
belts ranges from 5 to 10 and for nanowires (or
nanorods) this ratio equals 2-5. Synthesis of 1D
nanostructures could be done through various
methods. Nano-belts, for example, have structural

homogeneity and crystallographic perfection. It is
well known that crystallographic defects may destroy
quantum-size effects. It is necessary to emphasize that
that suitable geometry (see Fig. 7), high homogeneity
of the structure, and long length are important
advantages of nano-belts for mass manufacturing of
gas Sensors.

(a) (b)
Nanobelts
Nanoribbons

Nanowires 20-200 nm

Nanotubes

Fig. 7. Nanowires (a) and nano-belts (b) position
on bonding pad and typical sizes of nano-belts
used in gas sensor design.

It is necessary to note that many parameters
used for characterizing polycrystalline materials
aimed for gas sensor design lose meaning for one-
dimensional structures, because they are single
crystalline materials.

These parameters include the following: film
thickness, porosity, grain size, grain network, grain
boundary, agglomeration, and texturing, i.e. all the
parameters that it is considered to influence the metal
oxide sensor response. The main structural and
morphologic parameters that characterize one-
dimensional structures would become geometric
sizes, characterizing the profile of one-dimensional
structures, and crystallographic planes, framing these
one-dimensional structures. At that, the minimal
distance between faceting planes in one-dimensional
structures would play in gas-sensing effects the same
role as grain size plays in polycrystalline material. It
should be noted that one-dimensional structures have
better crystallinity (i.e. less concentration of point
defects), and thus possibly a lower concentration of
free charge carriers, in comparison with
polycrystalline materials. On the other hand, in one-
dimensional gas sensors the role of contacts increases
because of their small area and therefore greater
specific resistance.

With regard to the sensors on the base of
nanowire arrays, there are the same regulations for
them as for the ones on the base of the usual
nanoparticle films. Impedance spectroscopy studies
have showed that the gas-sensing mechanism for
sensors on the base of networked nanowire thin films
involves changes in both the nanowire and the inter-
nanowire boundary resistances [49].

For gas sensor design the thin films, containing
nanowires in a highly networked fashion, are
promising. A study, carried in [49] has shown that the
sensors on the base of those films had a behavior,
similar to that of single nanowire devices without
much post-processing effort. According to Ref. [50]
this is possible only when the individual nanowires
within the gas-sensing matrix are bonded to each
other and form two- and three-dimensional networks
of nanowires.

Solvothermal method involves a reaction of a
hot solution within or on the surface of a substance,
proceeds in a sealed pressure vessel (autoclave) at
temperatures above the boiling point of the solvent.

Theermal
permal -
T weith oithHel Visshing Tioz10
Precursor NaOH solution
solution

Fig. 8. The general scheme for 1D TiO,
nanostructures synthesis.
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Solvothermal synthesis is a ‘‘soft solution
chemical processing’’ which provides an easy route to
prepare a well crystalline oxide under the moderate
reaction condition, i.e. low temperature and short
reaction time (Fig. 8).

When the solvent is water, the method is called
hydrothermal. The solvothermal method normally has
better control than hydrothermal methods of the size
and shape distributions and the crystallinity of the
TiO, nanoparticles.

The hydrothermal method has been widely used
to prepare TiO, nanotubes since it was introduced by
Kasuga et al. [51] in 1998, also is very simple and
inexpensive. Over the years, they carried out many
research on 1D titania, for example supported
nanowires [52]. Grimes et al. conducted a series of
excellent studies on sensing using TiO, nanotubes
[53-58]. They found that TiO, nanotubes were
excellent room-temperature hydrogen sensors not
only with a high sensitivity but also with ability to
self-clean photo actively after environmental
contamination.

Many other groups have synthesized and
investigated the properties of 1D TiO, nanomaterials
for different applications [59-63]. Lee and coworkers
[59] developed a low temperature synthesis of TiO,
nanowires directly synthesized on fluorine-doped tin
oxide (F:SnO, or FTO)-coated soda-lime glass
substrates (Fig.9). They use successfully these
nanowires in photovoltaic cells.

Figure 10 shows rutile nanorods obtained
through a combined sol-gel and solvothermal method.
C. Su and co.[60] demonstrated that these particles
have a good photocatalytic activity and , modifying
the synthesis parameters can be obtained particles
with different shapes and properties.

The solvothermal method can be associated with
different techniques. Porous single-crystalline TiO,
nanorods have been prepared though a solution
aggregation-based growth process followed by the
calcination treatment.

The morphology of the resulting nanorods can
be tuned with different surfactants [64] or by
changing the solvent compositions [65]. TiO,
nanorods with narrow size distributions can also be
developed with the solvothermal method. For
example, in a typical synthesis from Kim et al. [66],
TTIP was dissolved in anhydrous toluene with OA as
a surfactant and kept at 250 °C for 20 h in an autoclave
without stirring.

Long dumbbell-shaped nanorods were formed
when a sufficient amount of TTIP or surfactant was
added to the solution, due to the oriented growth of
particles along the [001] axis.

Fig. 9. Images of TiO, nanowires (a) (top view)
and (b) cross-sectional SEM [52].

g WYYV

Fig. 10. The TEM micrographs of TiO,
nanorods [60].

The average particle size was smaller and the
size distribution was narrower than is the case for
particles synthesized without surfactant.

The crystalline phase, diameter, and length of these
nanorods are largely influenced by the
precursor/surfactant/solvent weight ratio.

The diameter and length of these nanorods were in the
ranges of 3-5 nm and 18-25 nm, respectively.

Concerning the 3D — 2D — 1D formation
mechanism various hypotheses have been proposed.
In case of TiO, nanotubes, Wang and co-workers [67]
stated that the raw TiO, was first transformed into
lamellar structures and then bent and rolled to form
the nanotubes and the two-dimensional lamellar TiO,
was essential.

Also, the doping of 1D nanostructures with ions
was used to improve their sensitivity. Proton-
exchange was carried out by suspending the TiO,
nanotubes (Fig. 11) [68] in the corresponding aqueous
solutions of the metal (Cu®*, Co*" and Ca®") nitrate or
chloride at room temperature].
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The exchange reactions were demonstrated to be
an option for chemically modifying TiO, nanotubes.
Additionally, the analysis of the products of thermal
decomposition allowed to get information about the
composition and structure of the nanotubes.

Despite the fact that the doping technique has
been used for a long time in commercial and
industrial sensors, the working principle of additive-
modified metal-oxide materials is still not well
understood.

Fig. 11. TEM image of titanium oxide nanotubes.
The inset is a distribution of the average external
diameter [68].

In the chemical scheme the reaction takes place
at the oxide surface. The role of the additive
nanoparticles is considered within a spillover process,
increasing the metal-oxide surface coverage of the gas
involved in the sensing scheme. In the electronic
mechanism the reaction involves the additive atoms
and the oxide material has to transduce the
electrochemical changes into a detectable output
signal. Moreover, the introduction of additives can
create new donor or acceptor levels, or influence the
grain size and growth mechanism.

3. Conclusions and future prospects

The optimization of the structural parameters of
metal oxides, such as grain size, porosity, texture,
faceting, grain network, etc., is an important factor for
improving gas-sensing characteristics of
conductometric type sensors. For example, it was
shown that grain size and porosity control are the best
ways for the improvement of metal oxide sensor
response to oxidizing gases.

For reducing gas detection the requirements are
more ambiguous and depend on both the sensor
material and the nature of the detected gas.

Nanotechnology is very promising for the
preparation of clean, structurally pure perfectly
ordered materials for the new gas sensors generation.
Beside this, it helps researchers to understand the
sensing mechanism at atomistic level, which
undoubtedly will promote fast progress in this field.

New nanomaterials that appear today, such as
highly ordered arrays of metal/semiconductor core—
shell nanoparticles, may be soon used in gas sensor
applications. At the same time, the creation of new
materials for gas sensor applications is necessary to
solve a number of basic problems of nanochemistry.
Among them we consider the following ones as the
most important:

a) Management of the size, structure
and stability of metal, semiconductor and hybrid
nanomaterials by controlled conditions of synthesis, in
particular, with the use of low temperature synthesis.

b) Understanding of kinetics and
thermodynamics of self organization processes, which
take place at the surface of nanoparticles, and
extension of the working temperature interval.

c) Determination of the influence of
shape of nanoparticles, particularly for nanowires and
nanotubes of different materials, on their
chemiresistive properties.

The solution of these tasks in combination with
the search of new nanosystems will allow the
preparation of new sensor materials. The
nanotechnology opens the new possibilities for the
production of gas-sensitive materials of new types and
also allows controlling the structure of conventional
semiconducting metal-oxide materials on nanoscale
level.
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ABSTRACT

A simple method has been developed to synthesize ZnO one-dimensional
nanostructures on glass substrates from aqueous solution. The solution-based
synthesis of oxide 1D nanostructures enables the fabrication of the next-generation

of nano-devices at low temperature.

ZnO 1D nanostructures were grown on seeded glass substrates using zinc
nitrate hexahydrate as the source of Zn, at temperatures up to 90 C. The

morphology,

crystalline structure and optical properties of the obtained

nanostructures were characterized by scanning electron microscopy (SEM), X-ray

diffraction (XRD), and optical spectra.

KEYWORDS: ZnO, chemical bath deposition, 1D nanostructures, seed layer,

morphology, optical properties
1. Introduction

Zinc oxide (ZnO) is an interesting II-VI
semiconductor because of its wide direct band gap of
~ 3.3 eV and large free-exciton binding energy of
~ 60 meV. On account of its various remarkable
properties, such as excellent chemical and thermal
stability, high-transparency in the visible region, near-
UV emission, biocompatibility, and wide electrical
conductivity range, ZnO is an excellent candidate for
various electronic and optoelectronic devices [1, 2, 3].

Also, a lot of ZnO nanostructures have been
reported, such as nanobelts (NBs), nanotubes (NTs),
nanorods (NRs) or nanowires (NWs), and so forth [4].
One-dimensional semiconductor nanorod /nanowire
structures have been widely used recently because of
their special properties of quantum confinement, high
surface-to-volume ratio, higher optical gain, faster
response, and specific crystalline orientation [5].

ZnO nanorod/nanowire structures, in particular,
have attracted a great attention in the last years due to

their applications in sensors, cantilevers as well as in
optoelectronic devices such as light-emitting diodes
and excitonic solar cells [6].

Over the past few years, ZnO nanorods and
nanowires have been synthesized with various
methods including vapor-liquid-solid (VLS) epitaxy,
chemical vapor deposition (CVD), pulse laser
deposition (PLD), deposition within anodic alumina
membrane channels, aqueous solution method, and so
on. Aqueous solution approaches for the growth of
ZnO nanostructures are considered advantageous,
compared with other methods, mainly due to low
growth temperature and good potential for large-scale
production [7, 6].

In the present paper, we report the two steps
synthesis of zinc oxide nanorod/nanowire arrays by a
spin-coating method followed by a simple chemical
bath deposition.

The effects of process parameters, seeded
substrates and solution concentration, on the
morphology, microstructure and optical properties of
ZnO were investigated in details.

*Paper presented at the Symposium ""The Impact of Nanotechnologies and Nanomaterials on Industrial Development and
Quality of Life", Galati, May 19, 2011, organized by the Center for Nanostructures and Functional Materials (CNMF),
Faculty of Metallurgy, Materials Sciences and Environment, “Dunarea de Jos” University of Galati
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2. Experimental procedure

All the reagents (analytical grade purity) were
purchased from Sigma Aldrich. They were used as
received without any further purification.

The growth of ZnO nanorods/nanowires was
carried out from aqueous solution of zinc nitrate
(Zn(NO3),'6H,0O)  and  hexamethylenetetramine
(HMT, C¢H,Ny), by chemical bath deposition (CBD)
method. Before coating, the glass substrates were
cleaned with acetone in an ultrasonic bath and etched
by piranha solution (2:1 mixture of concentrated
H,S04/30% H,0;). The as-grown ZnO nanowires
were rinsed in deionized water and dried for 30 min at
90°C for further characterization.

The morphology of obtained zinc oxide
nanostructures were examined by scanning electron
microscopy using a FEI Nova NanoSEM 630 - (SEM,
Hitachi S-4200 and FE-SEM JEOL JSM-7000F). The
crystalline structure and orientation of the 1D
nanostructures were recorded at room temperature
using a Rigaku SmartLab diffractometer, with Cu Ka
radiation. The optical transmission spectra of the
films were acquired at room temperature with a
Perkin Elmer Lambda 35 spectrometer, operated in
air, at normal incidence, in the 300 nm — 1100 nm
spectral range. From the optical measurements, the
optical energy gap, Eg, was calculated assuming a
direct transition between the edges of the valence and
the conduction bands, for which the variation in the
absorption coefficient, a, with photon energy, hv, is
given by the equation:

(ohv)*=B(hv — Eg) (1)

By plotting (chv)* versus hv and extrapolating
the linear region of the resulting curves, Eg was
obtained.

Raman spectra measurements were carried out
on Raman spectrometer (LabRAM HR 800 Raman
Spectrometer). The He-Ne laser with wavelenght 633
was used as a source of excitation.

3. Results and discussion

In the reaction for growing the zinc oxide
nanoarrays, the HMT plays an important role. It
decomposes to formaldehyde and ammonia, which
acts as a pH buffer and supply of OH ion slowly [3,
4, 8-10].

The main chemical reaction process can be
described as follows:

(CH2)6N4 + 6H20 — 6HCHO + 4NH3 (2)

NH; + H,O«<> NH,+ OH" 3)
20H + Zn*" — Zn(OH), 4)
Zn(OH),— ZnO + H,0 (5)

Figure 1 shows that higher solution
concentration leads to larger diameter of zinc oxide
nanowires. The average diameters of the as-prepared
samples grown from solutions of 0.01 M, and 0.025
M are 14 nm (Fig. la) and 25 nm (Fig. 1b),
respectively.

In addition, it can be observed an increase of the
density of ZnO NWs on the substrate when the
concentration of aqueous solution increases.

Fig 1. SEM imagines of ZnO 1D nanomaterials

grown aqueous solution of
(a) 0.01M and (b) 0.025M.

Figure 2 presents the XRD patterns of the grown
ZnO nanowires.

These patterns show, in the 20 range 25-50, the
most important three peaks of hexagonal wurtzite type
of ZnO structure. One can notice from the XRD data
that all samples are polycrystalline and exhibit single
phase ZnO hexagonal wurtzite structure with c-axis
(002) oriented.
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Fig.2. XRD patterns of ZnO 1D nanomaterials
grown from solution of
(a) 0.01M and (b) 0.025M.

The intensity of (002) diffraction peak is higher
than the intensity of other peaks, which indicates the
nanowires are highly c-axis oriented and normal to
the substrate surface. The intensity of (002) plane
increases when the molarity of aqueous solutions of
Zn(NOs), and C¢H,N, increases. Figure 3 shows the
optical transmittance spectra of the films in the
wavelength region range from 300 to 1100 nm.
Transmittance in the visible and near-infrared regions
exceeds 50% for all samples with a sharp ultraviolet
absorption edge around 374 nm.

80
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40

304

Transmittance (%)

204

104
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T T T T T T T
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Fig. 3. Optical transmittance spectra of samples
obtained from solution of
0.0IM (a) and 0.025M (b).

In addition, the ZnO 1D nanostructures grown
from the precursor concentrations of 0.025M presents
a decrease in transmittance and shows a red-shift of
absorption edge, which may be attributed to the
increase of grain size.

The optical transmittance data have been used
for the calculation of direct optical energy gap (Figure
4), according to the equation (1).

The band gap values decrease from 3.80 to 3.77 eV
when the concentration solution increases from 0.01
to 0.025 M, respectively.

(ahvy? 107 (eV/em)?

—F T T T

‘ 3,80 385 3,90 395 4,00
3,77V | hv(eY)

3.80eV

3,70 3,75

Fig. 4. The plots of (ahv)’ vs. photon energy (hv)
for samples obtained from solution of 0.0IM (a)
and 0.025M (b).

The decrease of Eg can be attributed to the
increase of grain size with increasing concentration.
The band gap energy, a constant of bulk materials,
varies in thin films due to particle size effect [10].

4. Conclusions

ZnO 1D nanostructures have been successfully
synthesized on glass substrates by chemical bath
deposition method.

The influence of the concentration of the
precursor solution on the morphology, microstructure
and optical properties of the obtained 1D
nanostructres was studied.

The morphology is sensitive to the conditions of
the preparation. X-ray diffraction data reveal that the
as-grown 1D nanostructures has wirtzite structure
with preferential orientation along the (002).

The optical transmittance decreases when the
concentration increases. The optical band gap of the
samples ranges from 3.79 to 3.77 eV when the
precursor solution decreases.
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IMPROVEMENT OF PHOTOVOLTAIC CELLS EFFICIENCY BY
REDUCING CONTAMINATION IN SINGLE CHAMBER PECVD
SYSTEM BY PASSIVATION WITH a-Si:H AND pec-Si:H THIN FILMS*
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ABSTRACT

High performance solar cells, deposited in a single chamber, can be obtained
when low levels of contamination exists for the p-,i-,n- layers. This is a recurrent
problem not only in the laboratories, but also in the industrial single chamber
plasma enhanced chemical vapour deposition (PECVD) systems. In this paper an
effective method of reducing the impurities, through the passivation with amorphous
and nano/microcrystalline silicon thin film of the PECVD chamber walls, before and
during the deposition of the solar cell layers is described.

KEYWORDS: a-Si:H, pec-Si:H, PECVD, contamination, solar cell

1. Introduction

The economically advantage of depositing solar
cells in a single chamber PECVD system is obvious
comparing to the multi-chamber system. The problem
is the contamination during the deposition of different
doped layers and this must be very seriously taken in
consideration [1]. There are several causes which can
lead to contamination and they can be related not only
to cross contamination of p-, i-layer [2], but also due
to impurities that are on the chamber walls from
previous depositions or as a result of technical issues
[3]. Even if the layers of the solar cells are optimized
and theoretically they should lead to an efficiently
working device, the contamination is a factor that can
drastically reduce the performance of the solar cell.
There are different methods of passivating the
chamber, using different types of gases, but there is
still a lot of potential for reducing the level of
contamination.

Hydrogenated amorphous silicon (a-Si:H) and
hydrogenated microcrystalline silicon (pc-Si:H) are
intrinsic materials which bring their separate
advantages for using as passivation layers [4].

2. Experimental results

The experiments took place in a single chamber
PECVD system [5]. The configuration of the solar
cell used for comparing the pasivation methods was
glass/ZnO  NW/GZO/p/i/n/Al. The passivating
materials, hydrogenated amorphous silicon (a-Si:H)
and hydrogenated microcrystalline silicon (pc-Si:H),
were deposited using SiH, and H, gases. The choosed
conditions for pasivating the PECVD chamber walls
were at low pressure and low power, using hydrogen
diluted silane, for the intrinsic a-Si:H material and at
high pressure and high power using highly diluted
silane with hydrogen, for the pc-Si:H material, to
have stable materials. The intrinsic materials were
deposited using VHF (27 MHz) at a substrate
temperature of 200°C. The deposited layers were
characterized by spectroscopic ellipsometry (SE),
using a Jobin Yvon UVISEL DH 10 ellipsometer and
the data was simulated using Tauc-Lorentz dispersion
model [6] and BEMA. The solar cells were
characterized with current density versus voltage (J-
V) measurements under an AM1.5 solar simulator at
room temperature.

*Paper presented at the Symposium ""The Impact of Nanotechnologies and Nanomaterials on Industrial Development and
Quality of Life", Galati, May 19, 2011, organized by the Center for Nanostructures and Functional Materials (CNMF),
Faculty of Metallurgy, Materials Sciences and Environment, “Dunarea de Jos” University of Galati
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3. Results and discussion

Intrinsic a-Si:H layers deposited by pure silane
SiH, in PECVD show high defect densities due to the
short-range order at the atomic length scale[7]. These
defects can be reduced to some extent if SiH4 is
diluted with an optimum level of hydrogen (H,).
An important objective is to have short passivation
time deposition of intrinsic layer material, therefore is
needed to obtain deposition conditions with high
deposition rate while maintaining the quality of the
films. It becomes difficult to achieve this objective
due to the large number of parameters (pressure,
substrate temperature, VHF power, frequency, etc.)
that have to be optimized to obtain such conditions.

Figure 1 shows the experimental data of the
growth rate for the a-Si:H films deposited using VHF
SiH4/H, discharges as a function of H, dilution.

1 5 —i- D, series (SiH, =14sccm),0.2T/7W
y }7

10}

Growth rate (A/s)
]

0 20 40 60 80 100
D, [H, /(H, + SiH )(%)

Fig 1. The growth rate of thin films vs H,
dilution.

It is observable that by keeping the pressure and
power constant, the growth rate predictably decreases
with an increase in the H, dilution. This fact can be
explained by the following reasons. First, the increase
in H, leads to the displacement of plasma chemistry in
favour of more atomic hydrogen as compared to
reactive silicon precursors, and decreased formation
of a-Si:H. Secondly, the higher amount of available
H-ions creates an etching effect on the film surface.
Lastly, a higher H dilution leads to lowering of
electron temperature, decreasing the formation of a-
Si:H. Thus, it is desirable to keep the dilution ratio at
an optimum level.

The optical parameters obtained by SE provide
information about the physical structure of the
material [8]. The Tauc-Lorentz model was fitted to
the experimental data (x> < 1) using a layer sample
model, the AF45 glass, the bulk layer (pure a-Si:H
film) and a surface layer ( x% a-Si:H + y% voids).
The effect of hydrogen dilution on the optical
parameters for all the Dy series of samples are shown
in Figure 2.

In Figure 2 one can see the evolution of the
physical density parameter (A) with the Dy. This
parameter A relates to the film density, thus higher
the value of A, the denser (or less porous) is the
material. The Dy series depicted in this plot shows a
smooth increase in the A value with increasing Dy up
to a certain level, while at higher dilutions (~90%), A
decreases.

—il—D,, series (SiH, =14sccm),0.2T/7W

210+ /‘

200 -

N
N
o

Physical density parameter (A)

=
(o]
o

~

D, [H, /(H, + SiH )|(%)

Fig 2. Physical density parameter (A) as a
function of Dy for the deposited silicon films.

The disorder parameter in Figure 3 shows that it
does not vary significantly with rise in power. For the
majority of the depositions conditions, the C value
stays ranges within 2.1 — 2.2, which corresponds to
pure amorphous material.

2,3

‘ —B- D, series (SiH, =14sccm) 0.2T/7W ‘

221

21+ "

Disorder parameter (C)

2]0 1 /I/V 1 1 1 1
D, [H, /(H, + SiH )|(%)

Fig 3. The disorder parameter (C) as a function
of Dy for all the deposited samples.

pc-Si:H is a versatile material  having a
complex microstructure given by the effect of
hydrogen dilution on the growth of microcrystalline
network which is of prime importance.

In the deposition of pc-Si:H using silane diluted
by H,, a certain threshold value of the dilution ratio
exists, where pc-Si:H nucleation occurs [9].
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Lowering the partial pressure of silane leads to
an increase in the atomic hydrogen flux density on the
growing surface.

2.0

|
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o bd o

Growth rate (A/sec
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o _©

94 95 96 97 98
Dy[H, /(H, + SiH)|(%)
Fig 4. Experimental results of the growth rate as
a function of H, dilution of the films deposited
from VHF at 97%, 97.5% and 98% deposition of
uc-Si:H intrinsic layer.

©
a

Thus, high hydrogen dilution or silane depletion
enhances micro or nano crystalline growth. The
consumption of silane exceeds the silane supply in the
high power regime, and silane depletion leads to pc-
Si:H growth. Thus, the atomic hydrogen density is the
most crucial factor for the deposition of pc-Si:H, the
optimization of which allows rapid optimization of
the microstructure of the pc-Si:H material.

100
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D, [H, /(H, + SiH)|(%)

Fig 5. Experimental results of the crystalline
fraction (F¢) as a function of H, dilution of the
films deposited from VHF.

The chosen conditions for passivation process
where:

- Intrinsic a-Si:H film was deposited using VHF
(27.12 MHz) plasma decomposition of SiH,, at a
substrate temperature (Ts) of 200°C, Pressure (Py,) of
0.2 Torr, H, dilution (Dy=H,/(H, +SiH,) of 0% and
Power (Pynr) of 7 W.

-39-

- Intrinsic pc-Si:H film was deposited at Py
of 2 Torr, Dy 0f 98% and Pyyr of SOW.

The growth rates of the a-Si:H and pc-Si:H
layer are 0.982 A/s and 0.792 A/s respectively, so the
time for obtaining the desired passivation thickness is
comparable.

The layers deposited for passivation were a-Si:H
and pc-Si:H with different thicknesses, depending on
the growth time. To estimate the passivation effect of
these layers on the efficiency of photovoltaic cell, two
groups of cells were deposited. For the first solar cells
group, the passivation was done depositing first 10
minutes of a-Si:H and then 10 minutes of pc-Si:H
thin films. For the second solar cells group, the
depositing time for a-Si:H was 30 minutes and for pc-
Si:H was 30 minutes. All solar cells have been
deposited with a pre-hydrogen glow [10], using the
same p-i-n configuration with the same layers
compositions. The other parameters were kept
constant.

The functional characteristics for two of the
deposited photovoltaic cells, belonging to each group,
were measured after an annealing treatment at 150°C,
and the results are shown in Figures 6-7.

SC with 10 minutes of a-Si:H passivation
+
10 minutes of pc-Si:H passivation

N
[=]
n

P
&
1

FF=25%

Current Density (mA/cmz)

1,04 )
JSC: 1,91 mA/cm
0,5 Vo= 0143V
7=0,40%
0,0 T T T T
0,0 0,1 0,2 0,3 0,4 0,5

Voltage (V)
Fig 6. I-V Curve of the photovoltaic solar cell
obtained with 10 minutes a-Si:H + 10 minutes
uc-Si:H passivation (first group).

SC with 30 minutes of a-Si:H passivation
16 .

30 minutes of puc-Si:H passivation

14

[N
o N
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VOC_ 0.56V
21 n=3,9%
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Fig 7. I-V Curve of the photovoltaic solar cell
obtained with 30 minutes a-Si:H + 30 minutes
uc-Si:H passivation (second group).
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The cell obtained after the total passivation of
60 minutes (second group) has an efficiency of 3.9%,
which is much better than the solar cell obtained with
only a total passivation of 20 minutes. The variations
of filling factor (FF), the short-circuit current (Jsc)
and the open-circuit voltage (Voc) follow the same
improvement in the case of the cells deposited
according to the second passivation procedure. This
shows that one of the key factors for improving the
efficiencies of the solar cells is the thickness of
passivation layers, a-Si:H and uc-Si:H, correlated
with the quality of these layers given by C (disorder)
and A (compactness) parameters.

4. Conclusions

Hydrogenated = amorphous  silicon  and
hydrogenated microcrystalline silicon materials, with
good stability related to growth rates, have been
obtain and used as passivation layers.

The thickness of the passivation layer is an
important factor for isolating the impurities that are
on the walls of the single chamber PECVD system.

Photovoltaic cells with good efficiency have
been developed, due to reducing contamination of
PECVD chamber.
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ABSTRACT

Low sulphur irons (< 0.05%S) production is more and more promoted in many
parts of the world, as small and less efficient cupolas were replaced by the new
generation of induction furnaces, while a single low sulphur base iron is very
attractive for grey/ductile/compacted irons production. The problem is that at low S-
levels, grey irons usually solidify with high eutectic undercooling, favorable for
carbides formation, especially in thin wall castings (automotive industry). Relative
performance of different Ca, Ba and Al bearing FeSi alloys was calculated to
evaluate their efficiency to control chill tendency, in critical base irons [< 0.035%sS,
(%Mn) x (%S) < 0.02, 0.002%Al]. Relative clear/mottled/total chill measurement
criteria were applied, for chill wedges with different cooling modulus (CM = 0.11 -
0.35 cm). The results showed that some inoculants performed better than the other
alloys bearing the same base inoculating elements and have different positions for
different chill evaluation criteria and wedge size (cooling modulus) parameters
reference. An optimum association of Ca, Ba and Al contents at a proper Ba/Ca
ratio is more efficient comparing to the increasing of the inoculating elements
leveling FeSi-based alloys for inoculation of lower sulphur, electrically melted

irons.

KEYWORDS: Grey iron, Low S, Cooling rate, Inoculation, Ca, Ba, Al,

Structure, Carbides, Graphite

1. Introduction

Inoculation is a treatment of the molten iron to
control the structure and properties of castings by
promotion of active nucleation sites available for the
growth of graphite flakes in grey irons at lower
eutectic undercooling, thereby minimizing the risk of
forming chill (hard iron carbides) and/or un-
favourable graphite morphologies, such as D-type
(undercooled) graphite, particularly in thin sections.

Chilled structures are typically for high eutectic
undercooling and are hard and brittle and interfere
with machining, necessitate additional heat treatment
operations, resulting in non-conformance with
specifications and, in general, increase the total cost
of production.

Lowering the eutectic undercooling may lead to
avoiding of carbides, but, if it is still high, the
promoted graphite will branch, forming abnormally
patterns, such as Types B, D and E graphite.

At enough lower eutectic undercooling level,
random graphite flakes form uniformly in the iron
matrix, which is known as Type A graphite.

The most effective inoculants are FeSi alloys
containing small amounts of one or more of the
elements such as Ca, Ba, Sr, generally at
concentrations above 0.5wt.% each one. It is
considered that inoculating elements contents above
1.5wt.% give improved inoculation under some
conditions but may also give a greater tendency to
produce slag [1, 2].

Recent research results have identified three
groups of elements with important contributions in
formation of graphite nucleation sites as (Mn,X)S -
type in commercial grey cast iron: (a) oxide forming
elements (Mn, Si, Al, Zr etc) to produce small oxide
base sites (usually less than 3um) in the first stage; (b)
Mn and S to sustain MnS-compounds (generally up to
10 um size) nucleated by stage one particles; (c)
inoculating elements, such as Ca, Ba, Sr, Ce, La etc
which act in the first stage or/and in the second stage
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of graphite formation, to improve the capability of
(Mn,X)S compounds to nucleate graphite [3-5].

The nucleation of graphite flakes on MnS
particles was also confirmed by microstructure
simulations [6, 7].

Traditionally, the sulphur level in grey iron was
above 0.05%, as the cupola was the typical melting
furnace in the cast iron foundries, where the
metallurgical coke acts as an efficient re-sulphurizer
of the iron melt, but with excessive contribution in
many cases.

The new generation of coreless induction
furnaces replaced cupolas in the iron melting shops
(no metallurgical coke), the expensive pig iron was
replaced by steel scrap (lower sulphur), while the high
quality carbon riser (lower sulphur) is more and more
used, inclusively in grey iron production.

Consequently, less than 0.05%S content is
typically now for the base iron in high performance
grey iron castings production. The re-sulphurization
of the iron melt to attend a control factor at (%Mn) x
(%S) = 0.03-0.05 level [8] is necessary, but in some
cases this is not possible, as ecology limitation or for
the necessity to use the same base iron for
grey/compacted/ductile irons castings production.

The problem is that at low S-levels, grey irons
usually solidify with high eutectic undercooling,
favourable for carbides and / or undercooled graphite
morphologies, especially in thin wall castings
(automotive industry) [9-13]. Lower residual
aluminium content in the iron melt (less than
0.004%Al), also typically for the acid lining coreless
induction furnaces melting increases the difficulty of
(Mn,X)S compounds formation [3-5, 10, 13].

Grey irons with sulphur contents below about
0.05% may only respond to certain specialized
inoculants, or necessitate the increasing of the
inoculant addition rate, but promoting some
detrimental effects, such as the increasing of slag
defects. Recently, a strong research activity was
recorded, to improve the chemical composition of
FeSi-based inoculants, in order to increase their
inoculation capability according to low sulphur grey
iron characteristics.

New inoculating elements were considered,
especially from rare earth (RE) group (Ce, La), or
some elements were associated with traditionally
inoculating elements, such as Zr + Sr, Zr + Ca or RE
+ Ca. The review of the conventional inoculants
composition was also considered, in order to optimize
inoculant’s chemistry according to the new conditions
of the grey iron melt.

The current experimental investigation in the
paper was designed to evaluate the relative
performance of the Ca, Ba and Al bearing FeSi alloys
at different association of inoculating elements as
efficiency in chill control of grey iron; a critical iron

chemistry [< 0.035%S, (%Mn) x (%S) < 0.02,
0.002%Al] for graphite nucleation was also
considered, for solidification in different cooling rate
conditions.

2. Experimental procedure

Experimental heats at low sulphur level (0.030-
0.035%S) and very low residual aluminium content
(0.002%Al) were produced in an acid lined coreless
induction furnace (100kg, 2400Hz). Un-inoculated
and ladle inoculated (0.15wt.% Ca,Ba,Al-FeSi alloys)
were considered, at the following final chemical
compositions (wt.%): 3.25-3.35C, 1.60-1.65Si, 0.55-
0.56Mn, 0.08-0.11P, 0.09-0.10Cu, 0.03-0.04Ni, 0.08-
0.09Cr, 0.01Mo, 0.005V, 0.005-0.006Ti, for carbon
equivalent (CE) 3.75-3.85, and (%Mn) x (%S) =
0.017-0.020 as control factor.

Different Ca, Ba, Al-FeSi alloys were used, for
the 70-75wt.%Si range and appropriate aluminium
contents (0.7-0.9wt.%), typically for foundry grade
ferrosilicon, but at different inoculating elements (Ca,
Ba) levels. The traditionally Ca and Ba inoculating
elements were included in the usual range for the
commercial inoculants (up to 4wt.% each one), but
varied as Ba/Ca ratio (0.8-4) and content associations,
for Ca + Ba = 1.7-6.2wt.% in the inoculants
chemistry.

The iron melt was heated up to 1530-1540°C for
10 minutes, and then was tapped into the inoculation
ladle (10 kg). Inoculants were added, at 0.2-0.7 mm
grain size during tapping into the pouring ladle.
Inoculated irons were poured (furan resin moulds) at a
strong controlled temperature (1350°C) after a 2.0-2.5
min holding time.

The very narrow chemistries range of the tested
irons and very low minor (trace) elements contents,
the strong control on the thermal regime and treated
iron melt volume, and controlled compositions and
grain sizes of the inoculants led to an accurate
evaluation of the inoculants effect, inclusively as the
Ba/Ca ratio influences. Wedge W,;, W, and W;
samples according to ASTM A367, were used (furan
resin mould) as “Test Method A-Wedge”. Standard
wedges are characterized by size and cooling modulus
(CM), which involved different solidification cooling
rates, for the same pouring practice and moulding
media. For the three considered wedges,
representative  for thin-medium wall thickness
castings, the main characteristics are the follows: W,
(B=5.1mm base width, 25.4mm height, CM=0.11cm
cooling modulus), W, (10.2mm base width, 31.8mm
height, CM=0.21cm) and W; (18.6mm base width,
38.1mm height, CM=0.35cm). Cooling modulus
(CM) is defined as the ratio between volume and the
total external casting surface and is an expression of
the capacity to transfer a given quantity of heat
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through an existing surface to the mould. Higher
cooling modulus equates to slower cooling rate and
lower undercooling during eutectic solidification.

3. Results and discussion

The measurement of chill was recorded
according to a controlled procedure, to avoid hot
shaking effect on the solid state transformation. Later
the wedges were fractured and their fractures
analyzed. That portion nearest the apex, entirely free
of grey (graphite) areas, is designated as the clear chill
zone (W,), including only carbides in the structure

(Fig. 1).

Grey
Tron
T atal

Chill ,xx7

Mottled
Iron
Clear
Chill /YX7 White
Iron

Fig. 1. Typical chill zones on the wedge test
samples [B-base width].

The portion from the end of the clear chill zone
to the location where the last presence of cementite, or
white iron is visible, is designated the mottled zone
(Wy), including both carbides and graphite. The
region from the junction of grey fracture (no carbides,
only graphite) to the first appearance of chilled iron
(apex) is designated the total chill (W,).

The parameters relative clear chill (RCC),
relative total chill (RTC) and relative average mottled
chill (RMC) were also considered:

RCC =100 [W, / B] (%) 1)
RTC = 100 [W, / B] (%) )
RMC =100 [0.5 (W, + W,) / B] (%) 3)

where B is the maximum width of the test wedge.

Table 1 summarized the obtained results for the
three chill evaluation criteria (RCC, RMC, RTC), of
un-inoculated and different inoculated irons (A....l
inoculants).

The increasing of the cooling modulus (CM) from
W, (CM=0.11cm) through W, (0.21cm) up to the W,
(0.35cm) led to the decreasing of the cooling rate,
and, normally, also of the chill tendency of both un-
inoculated and inoculated irons. Un-inoculated irons
are characterized by having high chilling tendency. It
could be considered as excessive for 3.75-3.85%CE
irons.

Table 1. Relative clear (RCC), mottled (RMC) and total (RTC) chill

W, W, W;

Ca+Ba [B=5.3mm; [B=10.2mm; [B=18.6mm;

Alloy (%) Ba/Ca CM=0.11cm] CM=0.21cm] CM=0.35cm]
RCC | RMC | RTC | RCC | RMC | RTC | RCC | RMC | RTC
) | ) | () | (%) | (%) | () | (%) | (%) | (%)
u.l - - 100 100 100 100 99.0 98.0 51.5 75.8 100
A 1.70 0.89 55.5 77.8 100 34.0 66.0 98.0 20.0 34.0 48.0
B 2.01 0.62 64.5 82.3 100 36.0 67.0 98.0 24.0 39.3 54.5
C 2.22 1.00 50.5 75.3 100 30.5 64.3 98.0 20.0 35.0 50.0
D 2.40 1.40 52.0 76.0 100 30.5 64.3 98.0 18.5 335 48.5
E 2.97 2.06 48.5 74.3 100 33.0 65.5 98.0 20.0 36.0 52.0
F 3.85 3.53 62.5 81.3 100 37.0 50.5 64.0 20.0 33.5 47.0
G 3.85 1.08 55.5 77.8 100 29.0 63.5 98.0 18.7 33.9 49.0
H 4.55 1.76 54.5 77.3 100 34.0 51.8 69.5 17.0 315 46.0
[ 6.20 1.82 59.5 79.8 100 35.0 52.3 69.5 19.5 33.8 48.0
Average CLk 55.9 78.0 100.0 33.2 60.6 87.9 19.7 34.5 49.2
St. Dev. Sk 5.38 2.70 0.00 2.72 6.88 15.25 1.89 2.17 2.62

High furnace superheating (1540°C), low Al
content (0.002%) and less than 0.02 as (%Mn) x (%S)
control factor led to difficulties in complex (Mn,X)S
compounds formation, as graphite nucleation sites,
and, consequently, to excessive chill. Inoculation
gave, as expected, overall lower iron chill than with
no inoculation, even at lower inoculant (0.15wt.%) in-

ladle additions. A 0.15wt.% inoculant addition had a
very big influence on chill tendency compared to un-
inoculated irons, especially at the higher cooling rate
(or lower cooling modulus of wedge samples). At low
cooling modulus (CM=0.11cm, W; samples),
typically for thin wall castings (4.4mm corresponding
diameter for a bar sample), an important inoculation
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effect was obtained for relative clear chill (RCC)
evaluation, as RCC decreased from 100% to 50-65%,
much more than for relative mottled chill RMC (from
100% to 75-85%), while the relative total chill RTC
was not affected. W, type wedges are representative
for 8.4 mm diameter bars castings, large used in

effective for these castings as relative clear chill
evaluation, comparing to relative mottled chill and
especially to relative total chill evaluation, where only
some inoculants were efficient. The largest considered
wedge sample (W5), correspondent to 14mm diameter
bar castings is visible affected by inoculation for all of

mechanical engineering. Inoculation was more  chill evaluation criteria and inoculants used.
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Fig. 2. Relative clear chill (RCC) (a), relative mottled chill (RMC) (b) and relative total chill (RTC)
(c) of un-inoculated (Ul) and inoculated (A....1) irons, for Wy, W, and W5 samples.
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A number of trends in chill sensitivity could be
identified, as the influence of inoculating elements
(Ca, Ba) total sum and especially as ratio, specific
content of each element and their associations (Fig.
2).

Generally, the increasing of the total content of
inoculating elements (Ca + Ba sum) in the
compositions of Ca,Ba,Al-FeSi alloys does not appear
to have an important beneficial influence as chill
tendency decreasing of the low sulphur and low
aluminium, electrically melted grey irons, with some
peculiar exceptions.

It is more visible for intermediary solidification
conditions, such as for W, (CM=0.21cm) samples and
for relative mottled chill (RMC) evaluation criteria,
respectively. The relative performance of inoculants
to control representative chill tendency parameters
was calculated to determine the efficiency of the
experimental alloys [14].

The relative performance (RPi) of inoculants —i-
is estimated as:

RPi = M 4)
S

k

where X is measured value of property —k- using
inoculants —i-;

CL is average value for property set —k-;
S, is standard deviation from the set.

The reducing of chill tendency performance is
averaged and used as one parameter —k-, for each chill
evaluation criteria (RCC, RMC, RTC) and each
wedge samples (W, W,, Ws). Average performance
has level 0%.

The performances of inoculants increase as chill
tendency decreases, so positive values for relative
performance (Tables 2 and 3, Figures 3 and 4)
means a lower chill comparing to the average level for
the group of considered alloys. This tool was used to
determine and distinct the close performance of the
alloys in all the analyses carried out in this work.

The results showed that some inoculants
performed better than the other alloys bearing the
same base inoculating element (Ca and Ba),
depending on the total Ca + Ba content and the ratio
of the two inoculating elements (Ba / Ca),
respectively. Inoculants have different positions for
different chill evaluation criteria (RCC, RMC, RTC)
and wedge size (cooling modulus) parameters.

Thin wall castings (< 5mm wall thickness),
represented here by W; wedge sample (0.1lcm
cooling modulus and corresponding to 4.4mm
diameter bars), are the most affected by different
alloys chemistries.

Table 2. Relative performances of Ca,Ba-FeSi alloys to reduce chill tendency

W, W, W;
Ca+Ba [B=5.3mm; [B=10.2mm; [B=18.6mm;
Alloy (%) Ba/Ca CM=0.11cm] CM=0.21cm] CM=0.35cm]
° RCC | RMC | RTC | RCC | RMC | RTC RCC | RMC | RTC
%) | (o) | o) | (%) | () | R | (%) | (%) | (%)
A 1.70 0.89 +7.2 +7.0 0.0 -28.6 -78.9 -66.3 -13.5 +23.1 | +46.6
B 2.01 0.62 | -1599 | -159.9 | 0.0 | -102.2 | -934 -66.3 | -225.1 | -221.3 | -201.2
C 2.22 1.00 | +100.1 | +99.7 0.0 | +100.2 | -54.1 -66.3 -135 -23.1 -29.6
D 2.40 1.40 +72.2 | +73.8 0.0 | +100.2 | -54.1 -66.3 +65.8 | +46.1 | +275
E 2.97 2.06 | +137.2 | +136.8 | 0.0 +8.2 -71.6 -66.3 -135 -69.2 | -105.9
F 3.85 353 | -1228 | -122.8 | 0.0 | -139.0 | +146.6 | +156.7 | -13.5 +46.1 | +84.7
G 3.85 1.08 +7.2 +7.0 0.0 | +1554 | -425 -66.3 +55.2 | +27.7 +8.5
H 4.55 1.76 +25.8 | +25.5 0.0 -28.6 | +127.7 | +120.6 | +145.1 | +138.3 | +122.8
| 6.20 1.82 -67.1 -67.2 0.0 -65.4 | +120.4 | +120.6 | +129 | +32.3 | +46.6
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Fig. 3. Relative performance as chill tendency decreasing of Ca,Ba-FeSi alloys for W;, W, and W3
wedge samples, as relative clear chill (RCC) (a), relative mottled chill (RMC) (b) and relative total
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Table 3. Relative performances of inoculants as chill evaluation criteria and wedge size

CatBa Chill evaluation criteria Wedge samples

Alloy (%) Ba/Ca | RCC RMC RTC Total W, W, W; Total
A 1.70 0.89 | -11.6 -16.3 -6.6 -11.5 +4.7 -57.9 +18.7 | -11.5
B 2.01 0.62 |-162.4 | -158.2 | -89.2 -136.6 | -106.6 | -87.3 -2159 | -136.6
C 2.22 1.00 | +62.3 | +75 -32.0 +12.6 | +66.6 | -6.7 -22.1 +12.6
D 2.40 140 | +79.4 | +21.9 | -129 +29.5 | +48.7 | -6.7 +46.5 | +29.5
E 2.97 206 | +440 | -1.33 -57.4 -4.9 +91.33 | -43.2 -62.9 -4.9
F 3.85 3.53 |-91.8 +23.3 | +80.5 | +4.0 -81.9 +54.8 | +39.1 | +4.0
G 3.85 1.08 | +726 |-2.6 -19.3 +16.9 | +4.7 +155 | +30.5 | +16.9
H 4.55 176 | +47.4 | +97.2 | +81.1 | +752 | +17.1 | +73.2 | +1354 | +75.2
I 6.20 1.82 | -39.9 +28.5 | +55.7 | +14.8 | -4438 +585 | +30.6 | +14.8

In clear chill (white iron structure, no graphite
presence) control, the highest performance
characterized Ca,Ba,Al-FeSi alloys at medium
inoculating elements content [2-3% (Ca + Ba)] and
Ba/Ca =1 - 2 ratio.

The increasing of the inoculating elements
content does not appear to be an economical solution
for these irons, independently of their ratio in the
chemical composition of these complex alloys. The
same behaviour appears in relative mottled chill
evaluation (mixture of carbide and graphite zone
size), while for total chill control (RTC) these
inoculants have not enough power in tested
conditions.

Thin to medium size wall thickness castings
characterized by W, wedge sample (0.21cm cooling
modulus, corresponding to 8.4mm diameter bars)
present different requirements for Ca,Ba,Al-FeSi
alloys as chill control, depending on the chill
evaluation criteria.

As clear chill approach, the ratio of the two
inoculating elements appears to be the most important
parameter. The best performance characterized
inoculants with Ca and Ba in a relative equilibrium
(Ba/Ca = 1.0-1.5), at medium (2.2-2.5%) or high
(3.85%) total content of Ca and Ba. In the both
chemistry ranges, lower or higher Ba/Ca ratio visible
decreased the performance of these inoculants.
Mottled and total chill control in these castings
required inoculants with higher content of inoculating
elements, generally more than 4%.

W; wedge sample usually characterizes medium
size (more than 10mm wall thickness) castings. Also
in this case the ratio of the two inoculating elements is
important, as the higher performance inoculants are
generally characterized by Ba/Ca = 1.5-2.0 ratio,
mainly at more than 4% total content.

Generally, in low sulphur grey cast irons, the
higher is the wall thickness (cooling modulus) of
castings, the higher is the content of inoculating
elements necessary for higher performance of
inoculants in Ca-Ba system.

In critical solidification condition, such as thin
wall castings, the performance of Ca-Ba bearing FeSi
alloys is better for an equilibrium of Ca and Ba
contents, the best position is typically for 3% (Ca +
Ba) and Ba/Ca = 2 ratio alloy, which performed better
than the other alloys, inclusively at higher content of
inoculating elements. The high calcium and barium
bearing inoculants did not perform well during fast
casting of small samples under the conditions in this
trial.

Independently of wedge size and chill evaluation
criteria, less than 2% (Ca + Ba) and Ba/Ca < 1.0 ratio
are not recommended in low sulphur grey cast irons,
with critical conditions for graphite nucleation at
lower eutectic undercooling.

As iron castings are usually complex parts, at a
large range of wall thickness, including from thin
(some millimeters) up to thick (hundreds millimeters)
walls, it is very difficult to select a performance
inoculant to control the structure in so different
solidification conditions.

Figure 4 shows the total relative performance of
the tested alloys, for a large range of cooling modulus
(0.11-0.35cm) and different chill evaluation criteria.

The best performance inoculant to produce a high
quality complex grey iron castings (large wall
thickness variation) is characterized by 4.5% (Ca +
Ba) total content at 1.75 specific Ba/Ca ratio, while
the second variant refers to an alloy at lower but
controlled content of the two representative
inoculating elements; Ca + Ba = 2.4% and Ba/Ca =
1.4.
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Fig. 4. Relative performance as chill tendency decreasing of Ca, Ba, Al-FeSi alloys for different chill
evaluation criteria (a) and different wedge sample size (b).

4. Summary

The relative performance of Ca,Ba,Al-FeSi
alloys, at different association of inoculating elements
(Ca, Ba), was tested in chill control in low S grey
irons (< 0.035%S) for different solidification cooling
rates (W,;, W, and W3 wedges, ASTM A 367) and
chill evaluation criteria (RCC, RMC, RTC). Based on
this work the following main conclusions can be
drawn.

e Chill tendency of electrically melted base

iron having 3.75%CE, 0.03%S, (%Mn) x
(%S) < 0.02 control factor and 0.002%Al
residual is excessively high, demonstrating a
relatively high need for inoculation power.
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The results showed that some inoculants
performed better than the other alloys
bearing the same base inoculating element
(Ca and Ba), depending on the total Ca + Ba
content and the ratio of the two inoculating
elements (Ba/Ca), respectively.
Un-favourable chemical composition of the
inoculated irons as Mn, S and Al contents for
(Mn,X)S compounds formation to act as
graphite nucleation sites is difficult to be
covered by increasing of inoculating
elements (Ca, Ba) content, especially for
high cooling rate solidification and clear chill
parameter control.
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e Inoculants have different positions for
different chill evaluation criteria (RCC,
RMC, RTC) and wedge size (cooling
modulus) parameters reference.

e Independently of wedge size and chill
evaluation criteria, less than 2% (Ca + Ba)
and Ba/Ca < 1.0 ratio are not recommended
in low sulphur grey cast irons, with critical
conditions for graphite nucleation at lower
eutectic undercooling.

e In thin wall castings production, the
performance of Ca-Ba bearing FeSi alloys is
better for an equilibrium of Ca and Ba
contents, the best position is typically for 3%
(Ca + Ba) and Ba/Ca = 2 ratio alloy, which
performed better than the other alloys,
inclusively at higher content of inoculating
elements.

e The best performance inoculant to produce a
complex grey iron castings (large wall
thickness variation) is characterized by 4.5%
(Ca + Ba) total content at 1.75 specific
Ba/Ca ratio, while the second variant refers
to an alloy at lower but controlled content of
the two representative inoculating elements:
Ca + Ba=2.4% and Ba/Ca = 1.4.

e The use of relative performance of inoculants
is a tested tool to determine and distinct the
close performance of the alloys in all the
analyses carried out in this work.
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ABSTRACT

This work is a part of broader experimental research study on the influence of
the main process parameters (thermal, temporal and chemical of carburizing
thermochemical treatment on the level of the main microstructural features,
chemical and physical-mechanical properties values, resulted to the carbon
hardening process of the AMS 6265 (SAE 9310) steel parts used in the aeronautical
industry. This paper treats only those aspects concerning the influence of these three
key parameters temperature, Ty, maintaining time, ty, and carbon potential, C,yx
on the surface hardness parts, HRCgyp. The originality of this work lie in the
approach of the experimental study using the active experiment scheduled method
with the second order of noncompositional programming.

KEYWORDS: carburizing; surface hardness; the active experiment scheduled

method; programming matrix

1. Introduction

The complexity of the phenomena involved in
the thermochemical treatments excludes to study
these processes with the classical experimental
methods, which are characterized by major difficulties
in implementation and in most cases, do not lead to
reliable results. The solving problems in the
experimental researching processes, which are based
on diffusion phenomena using experimental method,
required to apply the scheduled experimental methods
which permit to realize the empirical mathematical
models which can be obtained either by passive or by
active experiment methods [1].

The most information that are presented in the
literature, concerning the AMS 6265 steel, used in
aeronautical industry, characterize it more in terms of
its performance of mechanical characteristics that can
be obtained by using it to implement the execution of
parts hardened by thermochemical treatment using the
carbon as cement , without making reference on the
concrete ways in which these performances can be
obtained, often spectacular.

The majority of the works in the field of
thermochemical treatments research present the
information concerning the relatively modest
performance of carbon hardened AISI 8620 steel,

with low alloying elements [2, 3]. This is why the
present work, detached from a broader study on the
carburizing treatment of components made from this
steel, aim to fill some of these goals information
about the specific aspects of the carburizing process
of the AMS 6265 steel parts, respectively, how the
main process parameters influence the actual
Rockwell hardness surface parts.

For carburized AMS 6265 parts steel, used in
aeronautical industry are imposed the high wear and
toughness features because they are used to perform
components for gears who must face in terms of
accidental demands (overload).

2. Experimental conditions

2.1. The study of the thermal, temporal and
chemical parameters influence on the
surface hardness parts using the active
experimental scheduled method and the

second order noncompositional
programming

Existing knowledge about the processes that are

based on the diffusion phenomena generally required

that, for explicit the interactions between process

parameters (independents parameters) and their
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effects on the level variation of structural features and
the respective values of physical and mechanical
characteristics (dependent parameters), to resort to use
the second order noncompositional programming [4]
The reason for using this type of programs consists on
one side in the fact that the processes underlying the
formation of diffusion layers can not be
mathematically defined using linear models [5, 6] and
on the other side, there are sufficient knowledge
concerning the range where can be found the interest
values.

In order to solve this type of problem it is
necessary to explicit the experimental data using the
second-order nonlinear equations of the form:

k

k
Y=b+ Zb,.x,.Jr Z bl.jxl.xj+2bﬁx2+--~
i [ i=1
1

=1 i=1,j=1,i#

<i<k 1<i<j<k (1)
where: Y is the dependent parameter

investigated and x;, x; the independent parameters that

influence the dependent parameter taken in the

analysis.

Independent variables (x;...) taken in the
analysis were those related to carbon enrichment
phase:  isothermal temperature, Tg(x;), the
maintaining time, tg(X;) at carburizing temperature
and carbon potential, Cpox(X3).

In context of second order of noncompositional
programming was imposed to vary the three
independent variables at three levels of value, -1, 0
and +1. The noncompositional second order
programming plan is itself a selected segment of the
factorial experiment 3k (k is the number of factors or
independent variables). As the dependent variables of
the process (Y;....Y,), were selected those features
that allow a more complete characterisation of the
effects of surface enrichment in carbon due to
maintenance of the AMS 6265 steel parts in the
enriched gaseous saturated hydrocarbon (methane)
atmosphere. The programming noncompositional
matrix of the second order, for k=3, the basic level of
the independent parameters, their range of variation
and the results of the surface hardness measurements
parts are presented in the Table 1.

Table 1. Noncompositional programming matrix of the second order (k=3)

Independent
i EV. parameters [HRC]sup-
1* 2% 3* [HRC]
Code X() X1 X2 X3 Y
Basic level, (Z;)) - 925 6 0,9 -
Range variation, (AZ;) - 25 3 0,2 -
Higher level, (Z;y+AZ) - 950 9 1,1 -
Lower level, (Z;-AZ;) - 900 3 0,7 -
EXP.nr.1 +1 +1 +1 0 62
EXP.nr.2 +1 +1 -1 0 62
EXP.nr.3 +1 -1 +1 0 63
EXP.nr.4 +1 -1 -1 0 62
EXP.nr.5 +1 +1 0 +1 63
EXP.nr.6 +1 +1 0 -1 60
EXP.nr.7 +1 -1 0 +1 63.5
EXP.nr.8 +1 -1 0 -1 60
EXP.nr.9 +1 0 +1 +1 63.5
EXP.nr.10 +1 0 +1 -1 61.5
EXP.ar.11 +1 0 -1 +1 63
EXP.nr.12 +1 0 -1 -1 62.5
EXP.nr.13 +1 0 0 0 63
EXP.nr.14 +1 0 0 0 63
EXP.nr.15 +1 0 0 0 62

Notes:
-F.V. - afictive variable

- *1 - the carburizing temperature, Ty [°C], Z1;

- *2 — the maintaining time at carburizing temperature, ty, [hours], Z,;
- *3 — the carbon potential for carburizing process, Cpo, [%C], Zs.
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This paper has taken in analysis (as dependent
variable) one of the most important mechanical
characteristic variable of carbon hardened case, the
surface hardness part, expressed in Rockwell (HRC)
units, which together with other characteristics, that
the effective case depth, (8.r), expressed in [mm], the
subsurface carbon content, (Coimm), the retained
austenite, (%RA(1mm), the subsurface microhardness,
(HV).1mm), all of these measured to the 0.lmm
distance from the workpiece surface and the case
depth affected by internal oxidation, characterize the
quality of the carburizing process.

To establish the algorithm for determining the
particular forms of nonlinear models for the
dependent variable which was taken in discussions it
is necessary to be covered the following steps of the
processing experimental results obtained:

- Calculation of non linear model coefficients
(bo, b;, bij' )5

- The statistical verification of nonlinear model
coefficients;

- Calculation of the reproducibility results
dispersion;

- Verification the concordance of nonlinear
model adopted

2.2. The actual development of
experimental batches and modalities for
determining and evaluating experimental

results

The experiments were conducted in a batch
furnace type using endogas atmosphere enriched with
methane gas. The chemical composition of the
samples used (AMS 6265 steel) is presented in Table
2.

In order to study the influence of the
independent parameters (temperature, maintaining
time and carbon potential) on the mechanical
characteristic (surface hardness part) as dependent
parameter, fifteen carburizing batches were carried
out, of which the last three batches have been
performed under the same conditions of temperature,
time and carbon potential. For each experimental
batch were recorded temperature, carbon potential and

real changes in their values.

Table 2. Chemical composition of AMS 6265 steel

étl‘l;g) Elements content, %

2;\/6[58 C Si Mn Cr Mo Ni Cu
min. 0.07 | 0.15 0.4 1.00 | 0.08 3.0 max.
max. 0.13 0.35 0.7 1.40 0.15 35 0.35
actual 0.11 033 | 0.57 1.14 | 0.13 | 326 | 0.09

In Table 1 are presented the parameters
(thermal, temporal and chemical) adopted in the
developing the fifteen experiments.

All actual cycles show the same general aspects
of which the most significant features are the
following two (see Figure 1):

1) The batches loading were performed in the
preheated furnace to the carburizing temperature
process. During the batches loading the furnace
temperature down to about 50+60°C below to the
initial setting point temperature. After 12+16 minutes,
batch temperature reached the prescribed value,
specific to the each experimental cycle. For this
reason the effective thermal cycles are easily moved
to the right (recovery time) with a period of time
which account the time for batch loading, batch
reheating to the process temperature and time for
achieving in the furnace the atmosphere carbon
potential prescribed.

2) The real chemical cycles show a certain delay
in the same initial period (recovery time) until
achieving in the furnace the atmosphere carbon
potential prescribed, whose duration varies according
to the prescribed value of carbon potential.

Taking into consideration that chemical and

thermal cycles are systematic, uniform and
proportional with the carbon potential and carburizing
temperature in all experimental batches, the

displacements have not altered the types and degrees
of influence of independent variables (process
parameters) on the dependent variables (features),
respectively on the experimental results obtained. The
specimens (o 18.5 mm x 30 mm) on which were made
the HRC surface parts measurements were taken from
the carbon hardened samples final heat treated which
were used for the metallographic evaluations.

In Table 1 are presented the values obtained for
the surface HRC parts measurements.
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Fig.1. Thermal and chemical cycles used in the experimental study, general characteristics.

3. Experimental research results

The mathematical model was accomplished by
determining the regression equations, able to allow
the prediction performance which can be obtained by
choosing the concrete conditions of the carburizing
process on the AMS 6265 steel parts for the
aeronautical industry.

After the stages calculating of the coefficients
and statistical verifications specific to the
programming method chosen, the following particular
forms of the regression equations, specific to the steel
taken in the analysis have resulted:

Y =62.666+1.125X, —0.708X,X, (2)
[HRCly,p = 5.1875 +0.0566T,

+8.731, +5.62C,,, —0.00942T; -,

The equations (2) and (3) represent the encoded
respectively decoded forms of the mathematical
model of the surface hardness parts, expressed in
HRC units.

A3)

3.1. Numerical processing, analysis and
interpretation of experimental research

results
The comparative analysis of the two equations
show that the terms with the greatest influence is the

term of the first order degree (X3, respectively Cpox)
and the second degree term of the form XX, (Tktx)
has a significant influence in the both equations.

Based on this finding it can be concluded that
the mathematical model deduced is predominantly
linear, fact also confirmed by the aspects of response
surfaces and by the positions of the certain
isoproperties areas of the HRC surface hardness (see
Figure 2 and Figure 3).

By analysis the encoded equation (2) shows that
the coefficient for independent variable X; (first order
degree term) is positive, which leads to the conclusion
that the value of Y (HRC) increases with the
increasing value of this independent process
parameter.

The coefficient of the second - degree term in

XX, (—0.708 X, X, ) is negative which leads to the

conclusion that the value of Y (HRC) decreases with
increasing values of X; and X, independent
parameters.

Regarding the numerical value and sign of the
influence coefficients which determine the degree and
the direction of the influence of independent
variables, these may be more strongly evident in the
case of the decoded equation, in which the bx;, bjjxj;,
products, are terms whose by algebraically summing
permit to obtain the dependent parameter value (see
Table 3).

Table 3. Detailed calculation of the surface HEC hardness in the concrete case (the base level
of independent parameters).: Tx = 925°C, tx = 6 hours, Cyox = 0.9%C

Characteristic by b, Tk botk

b3Chotk by Tkt Y calculated

[HRClg,, | 5.1875 | 52416 | 52.4025

5.0625 -52.2856 62.7829
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In the regression decoded equation on observe
that:
- the first - degree term in Cpox (5,62CWK) is

positive (5.0625) which leads to the conclusion that
the value of Y(HRC) increases with the increasing of
Cpo value in all range of variation of independent
parameters X, X,, X3 (-1, 0, +1) respectively:
- process temperature, Tyi: 900°C, 925 °C and 950°C;
- maintain time process tg: 3 hours, 6 hours and 9
hours;
- carbon potentials Cpo: 0.7 %C, 0.9 %C and 1.1
%C.

- the first - degree terms in Tk (0.05667T ) and in

tx (8.73¢, ) are positive (52.416 respectively 52.4025)

which leads that these parameters have a positive
influence on the variation of Y(HRC) value.

- the second-degree term in = Tg-tg,
(-0.00942T;, -¢, ), has a negative value (-52.2856)

which leads to the conclusion that the combination of
these parameters have a negative influence on the
variation of Y(HRC) value.

In order to determine practical how the variation
of the three technological parameters affects the
surface hardness value of carburized parts made from
the studied steel, the decoded equation (2) was
introduced into a numerical simulation program for
determining the numerical values ranges of
temperature and maintaining time for which these
parameters have the most significant influences. In

Table 4. Influence of the maintaining time (tx)
on the surface hardness at Ty = 900°C,
925 °C and 950 °C

T = 900°C (X, = -1)

Cpotk | Maintaining time [hours]

[%C] 3 6 9
0.7 | 60.8175 | 61.5735 | 62.3295
0.9 | 61.9415 | 62.6975 | 63.4535
1.1 | 63.0655 | 63.8215 | 64.5775

Te=925°C (X; = 0)

Cpotk | Maintaining time [hours]
[%C] 3 6 9
0.7 61.526 | 61.5755 | 61.625
0.9 62.65 | 62.6995 | 62.749
1.1 63.774 | 63.8235 | 63.873

Tx=950°C(X; = +1)

Cpox | Maintaining time [hours]

[%C] 3 6 9
0.7 | 62.2345 | 61.5775 | 60.9205
0.9 | 63.3585 | 62.7015 | 62.0445
1.1 | 64.4825 | 63.8255 | 63.1685

Table 4 are presented the hardness values results,
after numerical processing, concerning the influence
of the maintaining time on the variation value of the

hardness surface, by modification the temperature
value at the three levels adopted in the experimental
program.

In Table 5 are presented the hardness values
results, after numerical processing, concerning the
influence of the temperature on the variation values of
the hardness surface, by modification the maintaining
time value at the three levels adopted in the
experimental program.

By analysis the results presented in Table 4 on
observe that, at the same carbon potential and at
constant temperature value Ty = ct= 900°C (the
inferior level) the surface hardness value increases
with the increasing of the maintaining time in all the
range of variation of the time values (3h < tg <9h). At
Tk = 925°C (the base level) on observe that the
increasing value of the maintaining time, in the same
range of values of the time, (3h < tK < 9h), affects in
very slight the surface hardness value (it remain
practically constant). When the temperature value is
Tk = ct. = 950°C (the superior level), the increasing
value of the maintaining time affects negative,
respectively decreases the surface hardness value.

Table 5. Influence of the temperature (Tx)
on the surface hardness at ty = 3 hours,
6 hours and 9 hours

tx = 3 hours (X; =-1)
Cpox | Maintaining time [hours]
[%C] 900 925 950
0.7 | 60.8175 | 61.526 | 62.2345
0.9 | 619415 | 62.65 | 63.3585
1.1 | 63.0655 | 63.774 | 64.4825
tx = 6 hours (X; = 0)
Cpox | Maintaining time [hours]
[%C] 900 925 950
0.7 | 61.5735 | 61.5755 | 61.5775
0.9 | 62.6975 | 62.6995 | 62.7015
1.1 | 63.8215 | 63.8235 | 63.8255
tx =9 hours (X; = +1)
Cporx | Maintaining time [hours]
[%C] 900 925 950
0.7 | 62.3295 | 61.625 | 60.9205
0.9 | 63.4535 | 62.749 | 62.0445
1.1 | 64.5775 | 63.873 | 63.1685

In Table 5 on observe that at the same carbon
potential value and at constant time value, tx = ct. =
3h (the inferior level), the superficial hardness
increases with increasing the value of temperature in
all range of variation of temperature values, (900°C <
Tk < 950°C). At tx = ct. = 6 h (the base level) on
observe that the increasing temperature, in same range
of the temperature values affects in slight the
superficial hardness value (it remain practically
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constant), as with previously analyzed for Ty =
925°C. When the maintaining time is tx = ct. = 9 h
(the superior level) the increasing value temperature
process affects negative, respectively decreases the
superficial hardness value.

The analysis presented above emerges that the
statistical ensemble of carburizing process the carbon
potential has a positive influence on the value of the
surface hardness, without overcoming the certain
values levels, but the combination between time and
temperature can have a negative influence on this
characteristic (they can cause the reduction in value of
this feature).

3.2. Graphical processing of experimental
results

The graphical processing of the experimental
research results (Figure 2 and Figure 3) creates a more
suggestively picture of the manner in which the three
main independent variables (process parameters) of
the carburizing process: the temperature at which the
process is carried out, Tk, the maintaining time tg, at
this temperature, and the carbon potential, Cpox, of
the furnace atmosphere influence the value of the
surface hardness value.

Tk = ct. =900 °C
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Fig.2. The surfaces response of the mathematical model that describes the variation of surface
hardness at Ty = 900 °C, Tx = 925 °C, Tx = 950 °C (left) and the delimitation areas of isoproperties
(right), depending on the temporal and chemical parameters of the carburizing process AMS 6265
(SAE 9310) steel parts.
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Fig.2. The surfaces response of the mathematical model that describes the variation of surface
hardness at tx =3 hours, ty = 6 hours, tx = 9 hours (left) and the delimitation areas of isoproperties
(right), depending on the thermal and chemical parameters of the carburizing process AMS 6265
(SAE 9310) steel parts.

7. Conclusions

From the analysis of the results obtained after
performing experimental study concerning the
influence of the three main technological parameters,
the thermal, the temporal and the chemical of the
carburizing process (which is based on mass transport
phenomena by diffusion) on the HRC surface
hardness value of the AMS 6265 (SAE 9310) steel
parts it can draws the following conclusions:

1. The HRC surface hardness value is positive
influenced by the carbon potential of furnace
atmosphere and negative by the time and the
temperature values, when the values exceed certain
levels, according to the mathematical model,
calculated and expressed by the both equations (2 and
3). The reason of the positive carbon potential
influence on the surface hardness parts consist in the
fact that an elevate carbon content in austenite
determine, after hardening, a high carbon content in
the martensite with a high hardness.

The negative influence of increasing the
temperature and the maintaining time of carburizing
process above certain limits can be explained by the
fact that by increasing the values of these two
technological parameters can determine the excessive
grows of the austenitic grain size and increases the
internal oxidation phenomenon so that, after
hardening, on obtain a large proportion of retained
austenite and in the surface of parts the martensite is
replaced by the high temperature product (troostite)
characterized by low values of the hardness.

2. For increasing the parts hardness surface is
indicate during the carburizing process, to operate
with low temperatures and maintaining times
(minimum possible) and with high value of carbon
potential, but not more than the solubility limit of
carbon in austenite (approximately 1.1% Cpx) taking
in consideration that the AMS 6265 steel is alloyed in
a high enough proportion with chromium;

3. The mathematical model calculated in this
work was verified in industrial practice with good
results witch allow to use it for to estimate the HRC
hardness surface parts and for optimizing
thermochemical carburizing treatment of AMS 6265
parts steel, in a large enough range of the key process
parameters values:

- temperature: 900 °C < Tx <950 °C;

- maintain time: 3 hours < tg <9 hours;

- carbon potentials: 0.7 %C < Cpox < 1.1 %C.

References

[1]. D.Taloi, E. Florian, E. Berceanu - Optimizarea proceselor
metalurgice, Editura Didactica si Pedagogica, Bucuresti, 1983.

[2] G. Parrish - Carburizing, Microstructuructures and Properties,
AMS International, 1999.

[3] The Timken Company - “Timken-Practical Data for
Mettalurgist”, The Timken Company, 14" edition, 1999.

[4] N. Popescu, M. Cojocaru - Cementarea ofelurilor prin
instilarea lichidelor organice, Editura Fair Matrix Rom, Bucuresti,
2005.

[S] M. Cojocaru - Procese de transfer de masd, Editura Matrix
Rom, Bucuresti, 2004.

[6] M. Cojocaru, M. Tarcolea - Modelarea interactiunilor fizico-
chimice ale produselor metalice cu mediile, Editura Matrix Rom,
Bucuresti, 1998.

-57 -




THE ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI.

FASCICLE IX. METALLURGY AND MATERIALS SCIENCE
N°. 4 — 2011, ISSN 1453 — 083X

COOLING RATE DEPENDENCE OF STRUCTURES

CHARACTERISTICS IN Ce-INOCULATED LOW-S GREY IRONS

Irina Varvara ANTON, lulian RIPOSAN*
Politehnica University of Bucharest
*Corresponding author
email: riposan@foundry.pub.ro

ABSTRACT

The efficiency of Ce,Ca,Al-FeSi alloy was tested for lower addition rates
(0.15-0.25wt.%), as, traditionally, high inoculant addition rates have been used in
low sulphur grey cast irons, comparing to the base iron and conventional inoculated
irons (Ba,Ca,Al-FeSi commercial alloy). The present work explores chill and
associated structures in hypoeutectic grey iron chill wedges, with cooling modulus
0.21 cm and a large variation of the cooling rate, from the apex to the base of W,
samples [ASTM A 367, furan resin mould]. The chill tendencies of the experimental
irons correlate well with the structure characteristics, displayed as the
carbides/graphite ratio of undercooled graphite morphologies. Carbide sensitivity is
lower with increasing wedge width, but depends on whether the state of the iron is
as base iron or inoculated with different alloys. Undercooled graphite was present
for both un-inoculated irons and higher cooling rate inoculated irons. As expected,
inoculation as well as an increase in wall thickness of the same wedge sample led to
improved undercooled graphite control. The difference in effects of the two
inoculants addition is seen as the ability to decrease the amount of carbides and
undercooled graphite, with Ce-bearing FeSi alloy outperforming the conventional
inoculant, especially at the low alloy addition and high cooling rate solidification.

KEYWORDS: Grey iron, Low S, Cooling rate, Inoculation, Ce, Structure,

Carbides, Graphite morphology

1. Introduction

Inoculation is a means of controlling the
structure and properties of cast iron by minimizing
eutectic undercooling and increasing the number of
active graphite nucleation sites during solidification.
The role of an inoculant, usually as a FeSi-based alloy
including one or more inoculating elements (Ca, Ba,
Sr, Ce, La etc), is to influence the formation,
characteristics and, thereby, the quality of nuclei for
flake graphite and the eutectic structure, respectively.

It accomplishes this by improving the micro-
inclusions that already exist in the iron melt (such as
sulphides), rather than by creating new compounds.
However, this is possible especially as nitrides, in iron
melts with very low sulphur content.

Generally, well inoculated grey irons are
characterized by graphite nucleation with a low

degree of eutectic undercooling, usually as more than
25°C above the metastable (carbidic) -eutectic
equilibrium temperature (Tmst), which is the base
condition to promote Type A graphite (random
graphite flakes form uniformly in the iron matrix).

As the undercooling increases and graphite
nucleation start is closer to Tmst, the graphite will
branch, forming abnormal patterns. This is known as
Types B, D and E graphite (Fig. 1).

A further increase in undercooling will suppress
the formation of graphite and results in a hard and
brittle white iron carbide structure, at very low
machinability.

The avoidance of both carbides and undercooled
graphite morphologies (B, D, E) in the advantage of
Type A graphite formation is the most important
objective of the inoculation in grey cast iron
production.
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Fig. 1. Typical graphite morphologies in grey cast iron (ASTM).

There are a lot of causes for higher eutectic
undercooling and undercooled graphite formation in
grey irons, such as lower carbon equivalent level (low
carbon and / or silicon), detrimental contents of Mn, S
and Al [< 0.05%S, < 0.03 as (%Mn) x (%S) control
factor, < 0.004%Al] to sustain complex (Mn,X)S
compounds formation as major graphite nucleation
sites [1-6], melting practice (high steel scrap amount,
high superheating and holding time etc) and pouring
practice (low pouring temperature, moulds with high
thermal conductivity, thin wall castings etc) [7-9].

The actual world practice in grey iron foundries,
involving melting shops including the new generation,
acid lined, medium frequency coreless induction
furnaces (200-1000Hz, > 250 kW/t specific power)
and thin wall castings production led to critical
conditions for iron solidification, as base iron
chemistry [< 0.05%S, < 0.005%Al, < 0.03 (%Mn) x
(%S)], more than 1500°C superheating and more than
2°C/sec cooling rate during solidification.

These irons are notoriously difficult to
inoculate, in order to avoid carbides and/or
undercooled graphite morphologies, especially in
economic conditions.

Previous experiments [7,10-12] illustrated the
efficiency of some special inoculating variants in low
sulphur grey irons, such as Rare Earth (RE) bearing
FeSi alloys (Ce, La or Mischmetal variants) or
complex inoculants, such as the most representative
Ca,Ba,Al-FeSi, Zr,Sr-FeSi, and Ca,Ce,Al-FeSi alloys.

The main objective of the present paper is to
examine the effect of Ce,Ca,Al-FeSi alloy on the
structure characteristics of low sulphur grey cast
irons, comparing to a conventional (commercial)
inoculant in Ba,Ca,Al-FeSi alloy system, at lower
addition rates procedures (< 0.3wt% inoculant) and a
large variation of the cooling rate during
solidification, as castings geometry.

2. Experimental procedure

The experimental melts were obtained using an
induction furnace (acid lining, 100kg, 2400Hz).

The iron melt was heated to 1540°C held for 10
min, then tapped into the pouring ladle (10kg) at
1530°C allowing a final pouring temperature at
1350°C into furan resin sand moulds.

A proprietary Ce-bearing FeSi alloy [1.5-
2.0%Ce, 0.75-1.25%Ca, 0.75-1.25%Al, 70-76%Si, Fe
bal] [10] was used, comparing to a conventional
(commercial) Ba,Ca,Al-FeSi inoculant (typically
chemistry: 1.5%Ca, 1.0%Ba, 1.0%Al, 65%Si, Fe bal),
both of them at 0.2-0.7mm grain size range.

Addition rates were as 0.15wt.% and 0.25wt.%,
point of addition was into the stream when tapping
from the furnace into the pouring ladle.

The following final chemical compositions of
the inoculated irons were obtained: 3.15-3.3%C, 1.50-
1.55%Si, 0.67-0.70%Mn, 0.020-0.025%S, 0.001-
0.002%Al, 0.015-0.018%Ti, 0.0060-0.0100%N, 0.05-
0.1%Cr, 0.025-0.050%Ni, 0.009-0.015%Mo, 0.004 —
0.006% V, at carbon equivalent 3.6-3.8% CE.

Chill wedges of the type W, (10.2mm base
width, 31.8mm height, cooling modulus CM=0.21cm)
specified in the ASTM A-367 wedge test were
considered (resin sand mould), as usually used chill
samples in grey iron foundries.

CM is defined as the ratio between volume and
the total external casting surface and is an expression
of the capacity to transfer a given quantity of heat
through an existing surface to the mould.

Higher CM equates to slower cooling rate (CR)
and lower undercooling during eutectic solidification.
The equivalent cooling modulus, represented by W,
wedges, corresponds to round bars with diameter of
8.4 mm.
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3. Results and discussion

RCC = 100 [W, / B] (%) o)
In a chill wedge, that portion nearest the apex,
entirely free of grey areas, is designated as the clear RTC =100 [W,/ B] (%) (2
chill zone (W,). ) ] ]
The portion from the end of the clear chill zone Where B is the maximum width of the test

to the location where the last presence of cementite, or ~ Wedge.

white iron is visible, is designated the mottled zone ] o

(Wh). A medium solidification rate, represented by a
The region from the junction of grey fracture to ~ W. wedge sample, was also used to evaluate the

the first appearance of chilled iron (apex) is structure formation in un-inoculated and different

designated the total chill (W,). inoculated irons, with the two considered inoculants
The parameters relative clear chill (RCC) and  (Ce.Ca,Al-FeSi and Ba,Ca,Al-FeSi alloys) at the two
relative total chill (RTC) were also considered: addition rates (0.15wt.% and 0.25wt.%) (Table 1).

Table 1. Structure characteristics [W, — wedge sample, ASTM A367]

Carbides, Graphite; Underco? led Ferrite,
Wedge % % Graphite %
width Inoc. (B+D+E), %
[
(mm) (%) Ba,Ca-|Ce,Ca- Ba,Ca-|Ce,Ca- Ba,Ca|Ce,Ca Ba,CaCe,Ca
UL P pesi | Fesi| U | Fesi| Fesi | U1 - o -
FeSi | FeSi FeSi | FeSi
0.15 30.0 | 30.0 15 2.25 100 | 100 0 0
191 0.25 40 35.0 | 30.0 15 175 | 3.25 100 100 | 100 0 0 0
0.15 29.0 | 20.0 2.5 3.5 100 | 100 0 4.0
3.25 0.25 40 225 | 75 15 3.5 4.5 100 100 | 100 0 25 | 4.0
0.15 6.5 3.0 3.25 6.0 100 | 90 4.0 5.0
4.89 0.25 395 4.0 15 15 5.0 6.5 100 100 | 80 0 40 | 25
0.15 2.5 2.0 6.5 8.5 90 70 5.0 5.0
6.62 0.25 35 0 0 L75 7.5 9.5 100 65 40 0 557 | 2.0
0.15 6.5 2.0 8.5 11.0 85 70 5.0 5.0
8.18 0.25 395 0 0 L75 10.0 | 115 100 50 30 0 6.5 1.0

Fractures of W,-samples (Fig.2) were analyzed  wedge and at different distances from the apex of the
metallographically, un-etched and etched with Nital  wedge.
(2%), along the geometrical centerline of the chill

(b)

Fig. 2. Influence of Ba,Ca,Al-FeSi (a) and Ce,Ca,Al-FeSi (b) inoculation (1 - un-inoculated,
2 - 0.15% alloy and 3 - 0.25% alloy) on the chill wedge W,-ASTM A367 macrostructure.
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Using chill samples, offering different wall
thickness simulated different solidification conditions
to be explored. At the farthest distances from the apex
of the chill wedge, the cooling rates are very shallow.

The chill tendencies of the experimental irons
correlate well with the structure characteristics,
displayed as the carbides / graphite ratio and as the
presence of undercooled graphite morphologies.
Different structures were obtained at the same area
(width) of the wedge sample.

Figures 3a and 3b illustrate that an inverse
relationship exists between free carbides level and
distance from the apex of the chill wedge, and the
wedge width, respectively.

Carbide sensitivity is lower with increasing
wedge width, but depends on whether the state of the
iron is as base iron or inoculated with different alloys
and with different additions, too.
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Fig. 3. Influence of inoculant type (a,c,e,g-Ba,Ca,Al-FeSi; b,d,f,h-Ce,Ca,Al-FeSi) and amount
(0.15 and 0.25wt.%) on the structure characteristics along the geometrical centerline of W, -ASTM
A367 chill wedge comparing to un-inoculated (UI) irons [a, b-carbides amount; ¢, d-graphite amount;

e, f-undercooled graphite amount; g, h-ferrite amount].
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The inoculation was able to totally avoid free
carbides formation for more than 6.5mm wall
thickness for Ba,Ca-FeSi inoculated irons and 5mm
for Ce,Ca-FeSi treatment, with a limited difference
for the two inoculant addition rates. Ce-bearing
inoculant appears to be more effective especially for
thin wall castings (3-4mm), despite the critical
conditions of chemical composition.

It was found that despite the white iron
appearance, the samples contained different amounts
of free carbides and a small amount of graphite,
depending on the inoculant type and addition rate
(Figs. 3c, d).

According to the higher capacity to prevent free
carbides formation, Ce-bearing FeSi alloy led to
higher graphite amount for the same cooling rate
solidification conditions and for the two addition rate
procedures.

Un-inoculated iron is more sensitive not only to
free carbides formation (chill tendency) but also to
undercooled graphite appearance at the lower
solidification rate (at the base of the wedge sample).

Figures 3e and 3f show an inverse relationship
between undercooled graphite levels and the distance
from the apex of the chill.

Undercooled graphite was present for both un-
inoculated irons and higher cooling rate inoculated
irons.

As expected, inoculation as well as an increase in
wall thickness of the same wedge sample led to
improved undercooled graphite control.

The amount of undercooled graphite decreased with
increasing the distance from the apex of the wedge.
The Ce,Ca-bearing inoculant outperformed the Ba-
Ca-FeSi alloy, especially at low inoculant additions.
The difference in effects of the inoculant addition
rates is seen as the ability to decrease the amount of
undercooled graphite, especially above a 5.0 mm
wedge width.

The amount of ferrite (Figs. 3g, h) is strongly
dependent on the presence of undercooled graphite:
the highest level of ferrite is typical in the mottled
iron area, at the highest undercooled graphite amount.

The association of ferrite and carbides in the

same area is an anomaly in the structure (pearlite and
carbides normally coexist) and is typically linked to
the presence of type D undercooled graphite
morphologies. Medium eutectic undercooling led to
free carbides and type D graphite formation during
eutectic solidification (carbides at the beginning and
graphite at the end of the eutectic reaction). The
presence of type D graphite favors carbon diffusion
during the eutectoid reaction due to the shorter
distance between graphite particles and consequently
ferrite formation (Ferrite + Pearlite = 100%), despite a
high cooling rate during the eutectoid reaction (also
typical for the center of type B graphite).
There is a difference depending on how chill is
evaluated for inoculated irons macro-structure
(fracture  analysis, visual white/mottled iron
evaluation) versus microstructure (metallographic
analysis, free carbides/graphite presence) (Fig. 4).

100 -
< ‘ Ba,CaA-FeSi Macmamlysis‘ 100 | Ce.CaAFeSi Macroanalysis |
= 801 e 80
= =
(&) =
= 3
< RTC
S 4 2 401 \\‘
&) \A_\ ‘_,—E RTC
20 — K 20
—
a) RCC b) RCC
0 T T T T T 0 T T T T T
0 0.05 01 015 02 025 03 0 005 01 015 02 025 03
Inoculant addtion, wt.% Inoculant addition, wt.%
100 . - 100 . -
Ba,Ca,Al-FeSi Mcroanalysis ll\ ‘ Ce,Ca,A-FeSi Mcroanalysis ‘
=801 ol
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< ©
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c) RCC d) RCC
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Fig. 4. Relative clear (RCC) and total (RTC) chill evaluated by macro-analysis (a, b) and micro-
analysis (c, d) of un-inoculated and Ba, Ca, Al-FeSi (a, ¢) and Ce, Ca, Al-FeSi (b, d) inoculated irons
[W,-ASTM A367 chill wedge].
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This difference is higher in inoculated irons,
mainly at lower alloy addition rate, for relative clear
chill (RCC) evaluation and bearing inoculant,
respectively.

Ba, Ca-FeSi alloy inoculated irons.

Specific to the solidification pattern of wedge
shaped samples is the end (corner) effect, which is an
excessive sensitivity of iron to free carbides and / or
undercooled graphite, at the greatest width,
corresponding to the B - size parameter.

This phenomenon is more apparent for a lower
inoculation potential, such as for 0.15wt.% Ba,Ca-
FeSi inoculated cast irons. Ce-bearing FeSi alloy led
to the avoidance of this phenomenon, as carbides
formation, inclusively at lower addition rate
procedure.

High cooling rates, typical for a corner effect
[13], led to free carbides and / or undercooled graphite
morphologies in all of these cases.

This peculiar solidification pattern of wedge
shaped samples could create problems in accurately
evaluating chill, especially for thin wall castings and
for both relative clear chill and relative total chill
criteria.

4. Summary

. The efficiency of a Ce-bearing FeSi
inoculant on the structure characteristics (carbide,
graphite, metal matrix) of low sulphur [<
0.025%S, (%6Mn) x (%S) < 0.02], low aluminium
[< 0.002%Al], hypoeutectic [3.6-3.8%CE]
electric melt [>1500°C] irons, was tested by
comparing if to a conventional inoculant
[Ba,Ca,Al-FeSi alloy], at lower addition rates [<
0.3wt.%] and a large variation of the cooling rate
during solidification, as casting geometry [1-
10mm].

o As expected, an inverse relationship exists
between free carbides (in the benefit of graphite)
and the undercooled graphite level (in the benefit
of type - A graphite) and the distance from the
apex of the chill wedge or wedge width, but
depending on the inoculant type and addition
rate, too.

. The inoculation was able to totally avoid free
carbides formation for more than 6.5 mm wall
thickness for Ba,Ca-FeSi inoculated irons and 5
mm for Ce,Ca-FeSi treatment.

. Ce-bearing inoculant appears to be more
effective especially for thin wall castings (3-4
mm), despite the critical conditions of chemical
composition of the base iron.

. According to the higher capacity to prevent
free carbides formation, Ce-bearing FeSi alloy
led to a higher graphite amount for the same
cooling rate solidification conditions and for both
of the addition rate procedures. The Ce-Ca-Al-

FeSi inoculant outperformed the Ba-Ca-Al-FeSi
alloy, especially at low inoculant additions.

. There appears to be a difference in chill
(carbides formation) evaluation, for inoculated
irons, between macrostructure (fracture analysis)
and micro-structure (metallographic analysis).

. The chill tendency at a microstructure
evaluation route appears to be important in thin
wall castings after inoculation, for both relative
clear chill and relative total chill criteria.

. The end (corner) effect, seen as a higher
cooling rate at the highest width, leads to free
carbides and / or undercooled graphite
morphologies / ferrite, more especially for lower
inoculation potential, such as Ba,Ca,Al-FeSi
alloy and 0.15wt.% addition rate, respectively.
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ABSTRACT

To stabilize the surface of the galvanized steel it is important to apply a
passivation treatment during its manufacturing. The general aim of the passivation
treatment is to prevent the formation “storage stain” or “white rust”. For many
decades, the chromium conversion treatments involving the use of chromic acid
containing Cr6+ species have been used for their corrosion protection and adhesion
promotion performances. Today all hexavalent chromates have been banned by the
EC. Toxicological studies have evidenced the hazardous character of hexavalent
chromium. Therefore more economical and environmentally friendly passivation
solutions have been studied and used to replace the chrome passivations on
galvanized steel.

Phosphate conversion coatings are commonly used on the galvanized steel.
They form a thin protective film on steels surface. However, the formation of a
stable and uniform coating for corrosion protection remains a challenge. More
complexes passivating solutions with chemical activators added are the potential
alternatives.

In this paper are presented the studies about such molybdate—phosphate
passivation solutions as environmentally friendly alternative for chromium
passivates. The results of treatments realized for different treatment times and more
compositions were analyzed. Also the corrosion resistance of the passivated samples

has been studied.

KEYWORDS: hot dip galvanized steel, molybdate—phosphate passivation

film, corrosion resistance

1. Introduction

The protection of steel sheets is often obtained
using a zinc coating by hot dip galvanizing
technology. For inhibition of the formation “storage
stain” or “white rust” on the surface of galvanizing
steels must applied the passivating treatments.

The reducing the corrosion rate of the zinc layer,
in the past, a very common and popular way was
chromate conversion coating based on Cr®". This
could increase the passivation tendency of zinc layer.
However, hexavalent chromium is regarded as toxic
and cancer-producing, there are environmental and
health risks associated with the use of chromate ions
[1, 2]. Therefore, all hexavalent chromates have been
banned by the EC and have been generally replaced
by other chromium-free passivates [3 - 6].

As potential alternatives to hexavalent
chromium was studied several passivating inhibitors
like  molybdates, tungstates, permanganates,
vanadates, and organic compounds [7, 8].

The phosphating is one of the most important
chemical conversion processes used for corrosion
protection or painting primer for the galvanized layers
[9 - 11]. Zinc phosphate is used as main component
for the passivating solutions. Molybdate can be added
for the deposition of a superior zinc phosphate
coating. This is an environmentally acceptable and
effective corrosion inhibitor for galvanized steel [12,
13].

The molybdate additives into phosphate solution
lead to accelerate the phosphating processes or to
improve the corrosion resistance of phosphate
coatings [14 - 16].
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Molybdate films are amorphous, but they have
cracks during a longer immersion [17]. As result were
proposed molybdate—phosphate  solutions.  The
molybdate—phosphate system was introduced by Tang
et al. for corrosion protection of galvanized steel [18].

Other studies have been suggested that
molybdate-phosphate based conversion coatings are
an attractive alternative to chromate conversion
coatings [19, 20]. For building films of significant
thickness the presence of fluoride ions is also
important [21].

In this paper are presented the results of study
about the utilization of three molybdate—phosphate
passivation solutions with different compositions to
enhance the properties of coatings on the surface of
galvanized steel sheets.

The  treatments realized at  different
concentrations and dipped times were analyzed.

Also the corrosion resistance in sea water
solution of the passivating samples has been studied
and discussed. Was make a comparative analyzes of
corrosion rates for different passivation solutions and
different times of exposure in corrosion medium.

2. Experimental method and materials

More series of rectangular galvanized steel sheet
samples were used. Zinc protective coating was
obtained by hot dip galvanized process.

Before passivation the specimens were cleaned
sequentially. The galvanized steel samples were
degreased with acetone. The surface that has been
subjected to phosphating was rinsed with deionized
water to remove any residue and non-adherent
particles present on it. After rinsing the samples were
dried. The zinc phosphate coating is applied by
immersion of samples in a zinc phosphate solution.
After the passivating film is deposited, the steel
samples are removed from solution and then
thoroughly rinsed and dried.

The solution used for coatings obtaining was
prepared  with  zinc  dihydrogen  phosphate
(Zn(H,PO,),). Also molybdate diamonium
((NH4);Mo00,) as source of molybdenum ions was
added. Fluotitanic acid (H,TiF¢0) for pH correction
and source of active ion Ti for activation passivating
process was added in solution.

Table 1. Composition of the phosphating solutions used in this work

Code of Zinc dihydrogen Fluotitanic acid Molybdate diamonium
treatment phosphate
solution [g/L]
I 30 10 10
11 45 15 15
111 90 30 30

Three compositional variants for the passivation
solution that has been applied on the surface of
galvanized steel sheet samples are given in Table 1.
The specimens were dipped in each passivating
solution (open to air) at room temperature for 10, 15,
20, 30 and 60 seconds.

The corrosion properties of passivated samples
have been tested by their exposing in the sea water
solution as corrosion medium for different exposure
times. The solution for corrosion tests have 27g/L
NacCl, 6g/L MgCl,, 1g/L CaCl,, 1g/L KCl at pH = 6.5-
7.2. The protective properties of the molybdate—
phosphate conversion coatings obtained for those
three passivating solutions and different exposure

times (168, 336, 504, 672 and, 840 h) have been
evaluated by corrosion rates measurements.

3. Results and discussions

To evaluate the quality of molybdate—phosphate
conversion coatings the physical characteristics as
well as the performance in corrosive environment
were determined.

Firstly was analyzed the physical characteristics
of passivating films. To determine the passivated
coating thickness the determination of coating weight
was adopted.

Table 2. Passivated coating thickness as coating weight in g/m’ at increasing immersion time

S Coating thickness as coating weight
Immersion time . 2
in s in g/m” for:
Solution I Solution IT Solution III

10 1.314 3.775 12.375

15 1.579 3.85 8.204

20 3.256 2.318 9.414

30 2.06 2.95 8.979

60 2.11 3.595 7.97
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This method involves the determination of
change in weight of a coated specimen after
immersion in the treatment medium.

The difference in weight after coating and
before is divided by the surface area of sample in m’

to obtain unit coating weight in g/m’. The time
evolution of the layer thickness corresponding to the
samples dipped into the three solutions is presented in
Table 2, respectively Figure 1.
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Fig. 1. Layer thickness of molybdate—phosphate conversion coatings as a function of duration of
immersion for different passivating solutions.

The thicknesses of conversion films obtained at
different immersion times and the composition of the
passivating solutions have been different. The thicker
film was obtained for the solution III with higher
phosphate and molybdate addition. At prolongation of
the immersion time a slowly reducing of the
thicknesses of the layers was observed for all
solutions. For the treatments developed into all
solutions the films were developed rapidly. In simple
passivating solutions, phosphating reaction tends to be
slow owing to the polarization caused by the
hydrogen evolved in the cathodic reaction. To achieve
coating formation in a practicable time for classical
phosphating solution, some mode of acceleration must
be employed. For this study the chemical additives
were added into zinc phosphate solution and their
action was evidently. Molybdenum and titanium
compounds were added into phosphating bath as
chemical accelerators. For all solutions after short

immersion times (~15-20s) were obtained stable
thicknesses for layers.

The length of period for developing of a stable
film corresponds with the first stage in coating
formation (namely, the induction stage) into classical
phosphating process. For developing a stable layer is
observed that the classical phosphating process
involves more time.

The process for the coating formation care
divided into four distinct stages: the induction stage,
the commencement of film growth, the main
exponential growth stage and the stage of linear
increase in film growth [22].

The quality of passivating process for different
solutions and immersion times was analyzed by
examination of physical appearance of coated surfaces
of samples. The surface morphologies of the
molybdate-phosphate films are presented in the

Figure 2-4.

@) b) ¢)

d) e)

Fig. 2. Surface appearance of passivating layer for solution I at different immersion times:
10 (a), 15 (b), 20 (c), 30 (d) and, 60s (e).
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a) b)

e

Fig.3. Surface appearance of passivating layer for solution II at different immersion times:
10 (a), 15 (b), 20 (c), 30 (d) and, 60s (e).

During the treatment the surface is in contact
with the phosphate solution that dissolves a small
amount of the coating. At the surface of the zinc, the
attack of the zinc phosphate produces a localized
increase in the pH, resulting in the precipitation and
deposition of insoluble zinc phosphate crystals on the
surface of the zinc coating.

After some time of reaction developing, this
crystallizing action leaves behind a continuous,
relatively thick solid film of zinc phosphate.

The phosphate films on surface of hot dip
galvanizing steel may range in colors from light gray
to dark gray, depending on the type of bath and the
grade of steel substrate used. The chemical additives
can generated the depositions with other colors. The
layers obtained in the experimental are have yellowish
green color for solution I and green for solution III.

For solution I at all immersion times tested the
passivating film obtained is uniform and adherent.

For obtaining an optimum surface appearance at
dipping into solution II was necessary an immersion
time in range of 15-20s. This is lower than the
corresponding immersion in solution I.

The solution III has a higher content of
dihydrogen phosphate and as result the passivating
reaction is more intensive.

As result a thicker layer was developed. Because
over 20s the layer becomes less uniform and adherent

g St M ¥

Fig.4. Surface appearance of passivating layer for solution III at different immersion times:
10 (a), 15 (b), 20 (c), 30 (d) and, 60s (e).

must be established the optimum immersion time. In
respect to these parameters of the passivating
treatments (the composition of the solutions and
immersion times) can concluded that a bigger
thickness was obtained for a solution enriched in
phosphate and for controllable immersion time. More
phosphate addition negatively affects the coating.
Sometimes for solution IIT was obtained non uniform
and rough layers. Also uncovered areas were
observed.

It is generally accepted that the composition of
the phosphate layer has a strong influence on its
chemical stability. For this reason in this study this
was analyzed by corrosion tests at which were
subjected the samples after the passivating treatments.

Is knows that the passivity (or reactivity) of the
molybdate—phosphate layer at interaction with a
corrosive medium is an important property of
conversion layer. In order to determine the corrosion
speeds in sea water medium the samples (obtained at
different passivating treatments and different
immersion times) were maintained at room
temperature in sea water solution with 27g/L. NaCl,
6g/L MgCl2, 1g/L CaCl2, 1g/L KCI, pH="7.1.

The corrosion speeds were measured for
different exposure times in corrosion medium: 168,
336, 504, 672 and 840 h. The results of experiment
are given in comparison charts, Figure 5.
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Fig.5. Comparison chart of corrosion speeds for different passivation solutions and different
immersion times at variation of exposure time in corrosion medium: 168 (a), 336 (b), 504 (c),
672 (d) and, 840 hours (e).

By selecting the results for corrosion tests
obtained for the three passivating solutions and
variable immersion times in these solutions was
possible to choose the better treatment, Figure 6.

For solution III was obtained passivation layer
the thickest but it did not show the best resistance to
corrosion. This explication is done by the quality of
the layer developed at higher phosphate content into
passivating solution.

Can be observed that for passivation solution
with more molybdate—phosphate content the corrosion
rate slowly decreases with exposure time into
corrosion medium.

For the other solutions the corrosion speeds are
lower and appreciatively remain at these lower values
at prolongation of exposure time.
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Fig.6. Variation of the corrosion speed as a
function of the exposure time to the corrosive
environment.

4. Conclusions

The surface quality of the passivating hot dip
galvanized steel sheet is important for its corrosion
behavior.

The thickness of passivating coating obtained on
galvanized steel surface varies with immersion times
and phosphating compounds added. The addition of
chemical additives influences the  process.
Comparatively with the classic process the times
required for forming of continuous and solid
molybdate-phosphate films were lower and their color
was yellowish green or green. The passivating process
was developed rapidly.

The thickness of  molybdate—phosphate
conversion coatings depends by chemical composition
of the passivating solutions and by times of
immersion.

The thickness of layer is higher for solution III,
minimum for the solution I and, medium for solution
II. The solution with the following chemical
composition zinc dihydrogen phosphate 45g/L
fluotitanic acid 15g/L, molybdate diamonium 15g/L
and immersion time of 60 second gives the best
corrosion resistance. The appearance of the corroded
surfaces for all the samples shows a general and
uniform corrosion.
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ABSTRACT

To optimize the thermo-mechanical processing of aluminum base alloys,
mathematical modeling was used in a laborious research program by planned
experiment of thermomechanical treatment process applied to an Al-Zn system
alloy. The paper presents the modeling stages, the type of mathematical model that
allows for the analysis of the main influences (technological parameters),their
influence size and the type of correlationsbetween them. The simulation of the
thermomechanical treatment process by varying the process parameters within the
tested values and thermomechanical treatment optimization (getting the optimal
complex of strength and plasticity properties in a convenient treatment option) is
possible using the mathematical model developed.

KEYWORDS: mathematical model, aluminum alloy, thermomechanical

treatments
Introduction

Mathematical modeling means transposing of a
real physical process into a mathematized form. The
construction of the models associated to processes and
systems is a vital part of the simulation process, being
absolutely necessary to distinguish between different
types of models that can be used by analysts. Process
modeling can be considered as consisting of two
stages: one that specifies the form under which the
model must be expressed, and the second describing
how it is used to provide a series of predictions or
provide the optimal solution of the problem studied.
In this paper we conducted the mathematical model of
thermomechanical treatment process applied to alloys
studied by statistical methods i.e. regression analysis
by active experiment.

Currently, the most effective methods for
programming the experiment are those concerning
solving extreme problems involving the determination
of levels of independent quantities (input), ul,
u2,...uk, for which the objective function:

y = flug,up,.uy) (1)

has extreme values (maximum or minimum) as well
as the calculation of these values.

For each basic factor the base levels, U,,, Uy,

respectively U, are determined, whichare actually

thecoordinates in the factorial space of the
randomlychosen starting point as well as the ranges

Aul, Au2 and Au3. By addingthe variation

interval to the basic level, the superior level is
obtained, and by lowering it the inferior level of the
factor is obtained. If the encoded value of ui factor is
denoted by xi, resulting from the relationship:

U, —uy

X, =
Au.

1
the higher level will be coded with a score, the lower
by -1, and the basic level to 0.

Experimental conditions

In the case of high strength aluminum alloy
AlZn5.7Mg2.6 processed according to the schedule in
Figure 1, in which the solution hardening involves
primarily hardening compounds leaching, a process
that takes place through activation of diffusion
phenomena in solid form, taking into account
diffusion laws, it can be said that the solution
temperature and the maintaining time at this
temperature will have a decisive influence on the
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effectiveness of treatment by their influence on the

500°C
480°C

Temperature, [°C]

diffusion coefficients and on the process dynamics.

120 + 200°C
100°C

Time, [h]

Fig.1 Technological scheme of achieving experiments
I-homogenization; Il-solution hardening; Il -artificial aging;
1V - cold plastic deformation, V - artificial aging

Cold plastic deformation was experimented with
three different degrees of deformation, namely: gl =
10%, €2 = €3 = 20% and 30%. In this way the hard
compounds deform (elongate in the direction of the
deformation) or crumble.

Given the above, the following factors will be
considered as process parameters: 1- artificial aging

temperature - T, [° C]; 2- maintaining time — t [h]; 3-
the degree of deformation — & [%].

Table 1 shows the correspondence between
different levels of the factors expressed in natural
values with those expressed in coded values for the
three factors used in the thermomechanical treatment
process.

Table 1. Correspondence between the values of the factors expressed in natural
and coded units [1]

Process temperature Process time The degree of deformation
Factor Natural units, Values Natural units, Values Natural units, Values
in°C coded in hours coded in hours coded
Base 160-160 12-12 20-20
level Up 160 20 Up2 12 4 0 Up3 20 10
The Au; = 40 0 Au, =8 0 Au; = 10 0
ranges
200-160 20-12 30-20
Higher u; =200 T=+1 Uy =20 2 =+1 uzs = 30 T =+1
120-1 - _
Lower ui =120 ! ui=4 22 s = 10 2

In the coded representation of the experiment the
following notations and symbols were used:

* x1 — artificial aging temperature, T, ° C;

* x2 — mentaining time, t, [h];

* x3- deformation degree, € [%];

* Y1 - tensile strength, Rm, [MPa];

* Y2 - yield strength, Rp02 [MPa];

* Y3 — specific elongation at break, A5, [%];

* Y4 - hardness, HB;

Between the natural and coded values of x; factors
there are the following linking relations:

t—1g T—17( £—&()
X]=———, X0 = , X3 = s 2
1 At 2 AT 3 Ag @
To determine the dispersion of results

reproducibility , six experiments were performed at
the basic levels of the factors. In this way a full
factorial experiment of the type 2° was performed as
shown inTable 2.
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Table 2. Matrix determination for the factorial experiment of the type 2° [1]

g(;. X X X, X3 XiXe | XiX; | X2 X5 Y, Y Y; Y,
1 +1 +1 +1 +1 +1 +1 +1 487 424 8,1 135
2 +1 -1 +1 +1 -1 -1 +1 630 591 6,8 194
3 +1 +1 -1 +1 -1 +1 -1 455 384 8,7 122
4 +1 -1 -1 +1 +1 -1 -1 569 516 7,7 155
5 +1 +1 +1 -1 +1 -1 -1 435 391 10,4 121
6 +1 -1 +1 -1 -1 +1 -1 577 531 8,4 171
7 +1 +1 -1 -1 -1 -1 +1 411 377 11,0 109
8 +1 -1 -1 -1 +1 +1 +1 507 468 9,5 135
9 +1 0 0 0 0 0 0 498 452 10.0 123
10 +1 0 0 0 0 0 0 512 473 9,0 145
11 +1 0 0 0 0 0 0 506 459 8,9 143
12 +1 0 0 0 0 0 0 503 456 8,5 140
13 +1 0 0 0 0 0 0 514 475 9,2 148
14 +1 0 0 0 0 0 0 509 462 9,1 144
Considering the function Yi as the analytical
expression of the order I model, that is: where : Y| = [487 630 455 569 435 577 411 507

3 498 512 506 503 514 509]
Yi=co+ 2 X+ X cxix; 3) Y, =[424 591 384 516 391 531 377 468 452
i=1 i=1 473 459 456 475 462]
j=l1 Y;=[81 6,8 87 7,7 10,4 84 11 9,5 10 9 8,9
i#] 8,5 9,2 9.1]
Equation (3) is written as matrix form: Y4=[135 194 122 155 121 171 109 135 123 145
Y =X-C 4) 143 140 148 144]
where: X is the matrix of experimental For this case, the linear function (3) has a particular
form:
Xi X X e X
or " Y =a+q-Xq+0 0+ 3+ XX
X02 X2 X22 Xm2 O (6)
.. _ 1313723243
conditions X' =/lXo3 %13 23 m3 Multiplying at the left side each term of the matrix
equation by unitary matrix
. . x x E=[XTX] ' x XT (7
On In 2n e mn there follows:
C=[XTXx]'[XTxY] ®)
m - number of terms of equation (3); expression that represents the relationship for
n - number of considered experiences; calculating the coefficients of regression equation.
C — column vector of coefficients c; Using the values in Table 2, based on relation (8),
C=]c0,cl,..,cn] T first order models coefficients are obtained,
T — matrix transposition symbol summarized in Table 3.
Y - matrix of experimental results
Y=[V.Ys,..,Yu]" Q)
Table 3. Values of first-order models coefficients
ci Yl Y1 Y2 Y3 Y4
Co 508.0714 461.3571 8.95 141.7857
1 -61.875 -66.25 0.725 -21
[ 23.375 24 -0.4 12.5
C3 26.375 18.5 -1 8.75
Cip -9.375 -10.5 0.1 -6.25
Ci3 -2.375 -8.5 -0.15 -2
Co3 -0.125 4.75 0.025 0.5
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Therefore the mathematical model of first-order equation (7) for each property in part, is:
Y1 =508,0714 - 61,875 x1 +23375-x9 +26375-x3 —=9,375-x1 - x3 —2,375-x1 -x3 —0125-xp -x3 (9)

Y, = 4613571-6625-x1+24-x) +185-x3-10,5-x1 - x2 —85-x1 -x3 +4,75-x2 - x3 (10)
Y;=895+0,725-x1 -0,4-xp —-x3+0,1-x1 -x3 —0,15x1 - x3 +0,025-x) - x3 an
Y,= 1417857 -21-x1 +12,5-x2 +8,75-x3 —=6,25-x1 - xp —=2x1 - x3+0,5-x0 - x3 (12)

By replacing the variables xi with relations (2)
and doing the respective calculations in the above
equations, the following equations are obtained

representing expressions of mathematical first —order
models for the four properties considered:

Yi(t,7,6)=5921339-1,0766 ¢ +7,6406 7+3,6063 £—0,0293 - 7—0,0059 - £~0,0016 7- & (13)
Ya(t,7,6)=536621-08375¢ +7,06257+4,53755—00328¢- 7—00213¢-£+005947- & (14)
Y3(t,7,£)=8,125+0,0219- 1 —0,1063- 7 — 0,0438- £ +0,0003- £ - 7 —0,0004- £ - £ +0,0003- 7 - & (15)
Y4(t,7,6)=1375357-01906 1 +4,5625 7 +16- £ —0,0195¢-7—0,005 - £+0,0063 7+ & (16)

First-order mathematical models have been
verified statistically, using Fischer criterion to decide
if they can be used for studying the analysed process
or if it is necessary to determine the higher order
models.

The values calculated using Fischer criterion for

Table 4 shows that all models are consistent
with the experimental data and can be used in process
optimization.

To verify the significance of coefficients for the
appropriate model, the following ratio is determined
for each coefficient:

the four first order mathematical models PMp,;
are summarized in Table 4. Fesi =
PM e,
Table 4. Calculation data for checking model adequacy
Calculated values Y, Y; Y,
SP.., 224.1752 478.2142 1.525 419.3571
PM,., 32.025 68.316 0.22 59.90815714
SP.. 176 430.8333 1.2283 401.5000
PM,, 35.2 86.16666 0.2457 80.3
SP;, 48.1752 47.3809 0.2967 17.8571
PM;, 24.0876 23.69045 0.1484 8.92855
F 0.6843 0.275 0.60388 0.11118991
Accordance Concorde Concorde Concorde Concorde

Where PMrez is the average square of reziduals
calculated in Table 4 PM,; is the average square of
the coefficients which are calculated with the matrix
relation

PMbi = D (X' Y), where D is the diagonal
matrix with the model coefficients as the main
diagonal elements, the other elements of the matrix
being null.

Thus the four equations become:

X is the matrix of experimental conditions at the
considered levels (-1, 0, 1)

Y —the matrix of experimental results at the
levels considered (-1, 0, 1) Using equation (17) we
obtain the values of the Fcsi ratio for the model
coefficients shown in Table 4.

Coefficients c; for which Fcsi> FT [1, frez, (1-
a)%] are considered significant; in this case FT (1, 7,
95%) =5.79.

Yi(t,7,6)=611,51-1,195-£+7,609-1+2,64-£—0,029 ¢ - T (18)

Ya(t,t,6)=590371-1,2621+8.25-1+185-6 0,032 11

%3(t,7,)=8,65+0,018-1-0,05-1-0,1-¢
Ya(t,1,6) =189,535-0,525-1+1,562- 1+ 0,875 ¢

(19)
(20)
(e2))
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Equations (in t, T and €) (18), (19), (20) and (21)
are valid for t = 120 ... 200 °C, T = 4 ... 20 hours and
€=10 ...30%. Using relations (18), (19), (20) and
(21) for examplification, we have drawn graphs of
variation of each property function of time for a
treatment temperature of 160 ° C, in the case of the
deformed alloy where the degree of deformation is -
20%.

As shown in Figures 2 +5 mechanical property
values determined by calculations using mathematical
models are close to the experimentally determined
values. This is the proof that the mathematical
modeling achieved allow for simulation of
thermomechanical treatment process con- ducted
according to the scheme in Figure 1.

580 - 1
560 ‘/_..—-sl__
540

T 520 e

= 500 P et

E 480 "
480 +— Rm cale (—
440 —=— Rm meas |—
420 4 T 4 + . + . + y

4 ] 12 18 20
Time, [h]

Fig.2. Variation of mechanical resistance
according to treatment time.

_.____,_...--I

=
S 450 4

——ERpl,2 calc
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12 16 20
Time, [h]

Fig.3. Variation of yield stress with treatment time.

T
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—8—AS meas

Time, [h]
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Fig.4. Variation of elongation at break with treatment time.
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Fig.5. Brinell hardness variation with treatment time.

Conclusions

The mathematical model presented in the set of
equations  (30)+(33) allows  simulation of
thermomechanical treatment process, by varying the
process parameters values, within experimental
limits.

The aging factor has the biggest influence on
the increase of mechanical strength as the value of
the influence factor coefficient is positive and of the
highest value. The next important influencing factor is
the degree of cold plastic deformation, as the
coefficient of this factor shows, mechanical strength
properties increase as the degree of deformation
value increases. The value of the temperature
parameter coefficient indicates that when the
temperature increases, there is a decrease in strength
properties.

Elongation at break is influenced according to
the model, first by treatment temperature, meaning
that as treatment temperature increases, the elongation
increases too. From the analysis of the regression
equations obtained, it results that an increase in the
final aging temperature, in the range considered,
above 180 C will lead to lower strength characteristics
(tensile strength, yield strength and hardness); instead

the plasticity increases (relative elongation increases
to some extent with increasing aging temperature).

Mechanical strength depending on aging time
increases with time, and elongation at break
decreases.

Regarding the influence ofthe degree of
deformation on the properties of resistance (Rm,
Rp02 and hardness) that they have higher values than
those prescribed by EN 485-2-2007, for all three
degrees of deformation.

The mathematical model presented allows
for establishing the technological conditions that can
lead to obtaining the optimal properties complex of
strength and plasticity, in alternative technology
involving minimal costs.
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ABSTRACT

The metallurgical industry is a highly polluting economic sector. In order to
establish measures to minimise the pollution, new methods are needed to analyse

such processes.

This article analyses the following possibilities:

- thermodynamic analysis;

- analysis with system theory elements;
- characterization of pollution as global phenomenon of soiling;

- possibilities of maintaining a balance between

development and pollution.

the economic

KEYWORDS: pollution, analysis, life cycle

1. Introduction

In metallurgy, the life cycle phases of a product
we are mostly interested are:

- product manufacturing, in which the
material resources and energy, through the
technological process, are transformed into product;

- use of the product, in which, through
the disintegration of the material and scrapping (by
destruction) of the product, it is transformed into
secondary material (waste).

Both phases, objectively, generate pollutants.
Some of pollution assessment methodologies that can
be used for scientific and practical purposes are
represented by:

- thermodynamic analysis;

- analysis with system theory elements;

- characterization of pollution as global
phenomenon of pollution;

- possibilities of maintaining a balance
between the economic development and pollution.

2. Thermodynamic analysis

The evolution of manufacturing processes, use
and generation of pollutants (among which there are
wastes, too) is governed by the laws of
thermodynamics.

2.1. Analysis using the first principle of
thermodynamics
It is recommended that pollution analysis using
the first principle of thermodynamics showed to be
made by taking into account the considerations below.

. The scheme of the simplest operating
system includes the following metallurgical measures

(Fig. 1):

* input measures;

* output measures, which consist of:

— useful measures;

— losses.

. It is proposed that the pollutants

(materials and energy transferred to the external
environment) should be considered losses [1].

. The idea that pollutants are system
losses should be reported to the first principle of
thermodynamics, that there is no system to function
without losses (zero losses). In these circumstances,
the concept of zero waste plant (launched also in
metallurgy), is not justified in terms of
thermodynamic. It must be accepted and
operationalised as target [2].

. The zero waste status can result only in
case of cancellation of the technological process
(production stoppage).
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Fig. 1. Scheme of thermodynamic operation of a technological process.

e A similar situation concerns the risk
analysis. Any industrial activity is associated with
risks, reason why the target of environmental policy,
of zero risk level, is unrealistic, because it can only
be achieved by stopping the production [3]. To run
the industrial activity, we should be aware of the
existence of potential risks, to accept the
consequences of some of them and / or to take
measures to minimize unacceptable risks.

2.2. Analysis using the second principle of

thermodynamics

In this case, it is an entropic analysis, where two
important thermodynamic measures are used:

- Entropy, S, which is a measure of the
degree of disorder (chaos) in the organization of
matter; where the growth of S characterizes the
spontaneous tend of the systems to chaos;

- Negentropy (antientropia), nS, which
characterises the level of the ordered organisation of
matter and energy.

For analyses of pollution phenomena using the
second principle, we make some recommendations:

. As losses to the environment, the
pollutants represent a state of disorder. 1t follows that
the generation of pollutants is an anti-entropic
phenomenon, inadvisable in terms of the second
principle of thermodynamics [1].

. The manufacturing phase (process
technology) is an activity to increase the degree of
order on the path natural resources - metal product. It
may be concluded that advanced processing of natural
resources is recommended in the pollution minimize
policies.

. The degree of disorder (entropy S) of
pollutants increases with increasing the duration of
keeping them in the environment. It is recommended
into a flow designed with the reintegration

(recirculation, recycling, or regeneration) of wastes fo
reduce the number of reintegration.

. The degree of disorder (entropy S) of
wastes increases with increasing the distance between
the location of generation and the location of
reintegration.

In this situation, it is recommended:

- To decrease the distance between the
two locations;

- To use internal reintegration (waste
recovery inside the perimeter of the facility that
generated them) instead of the external reintegration
(recovery of wastes in other locations).

3. Analysis with system theory elements

Analysis of pollution phenomena and
pollutants can be also done by using the systems
theory. We take into account the aspects presented
below.

. It is proposed that in the structure of the
natural system, the pollution should be considered as
disturbance process, and the pollutants — disturbance
measures (noises), (Fig. 2).

. According to the systems theory, a
certain amount of noise must exist to maintain the
order, because it provides information on system
status. It is concluded that maintaining the life of the
system requires a certain minimal amount of
disturbance.

1t is argued in this way that zero pollution is not
only impossible to be reached, but a certain amount
of pollution must be kept to a minimum rate.

. It is proposed that the routes of the
secondary  materials reintegration should be
considered feedback paths (Fig. 3).
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A Natural B

system

v

Fig.2. The simple structure of the natural system.
A — input measures (control measures, measures to transform the natural ecosystems),
B — output measures (parameters regarding the productive capacity in resources, parameters for
rational use of resources, parameters on carrying capacity), C — disturbance measures (pollutants,
including wastes).

C

&
«

A Perimeter of the B
technological process

v

Fig.3. Diagram of the technological process as a system.
A — input measures;, B — output measures,; C — feet-back path of the wastes.

. If the reintegrated secondary materials
(wastes) are subject of feed-back, they can perform
two functions:

- Transport of materials (secondary
material resources) and energy (secondary energy
resources);

- Information transportation represented
by the technological deviations that led to wastes;
reintroduced in the primary sequences of the flow,
such information becomes levels of the system (self)
control.

. The self-adjustment ability of a system,
i.e. the capacity of self-sustainability of the natural
system in its relations with the economic and social
system, depends on the diversity of its behaviour. We
deduct from this the need to diversify the base of raw
materials and energy of metallurgy, on the one hand,
and the metallurgical production, on the other one.

. The losses to the environment
(pollution) must be correlated with another rule of
systems theory showing that in a systemic evolution,
the presence of losses stimulates the development.

4. Characterization of pollution as a
global phenomenon of soiling

One of the meanings that can be given to
pollution is the soiling. Etymologically, by its Latin
origin (poluo-polluere), the term to pollute means fo
soil, and pollution can be interpreted as soiling. There
are many situations (economic, social and
environmental) that can be treated as soiling
phenomena (quality deterioration). So, it becomes
possible a new approach of the phenomena of
pollution, by extending the application of the
environmental laws in other areas (industrial and even
social). In this context, we can say that there are:

— conventional  pollution  phenomena
including the known classic cases on the related
environmental pollutants — environmental factors —
quality of life;

- unconventional pollution phenomena
relating to the process interaction between
environments and special items, of which qualitative
alteration can be studied based on principles of
ecology.
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For the second case, this article refers to two
situations: use of metallic implants and the use of
metal ornaments. The interactions between them and
the substances of human body are considered to be a

process of pollution. The process of interaction
between human body and the objects mentioned

above is in fact a process of soiling them or their
bodies.

! Metal object
(jewellery)

Fig. 4. Examples of unconventional pollution (soiling):
1) direct pollution, II) indirect pollution.

It can be conclude that it is a process of bi-
univocal pollution (Fig. 4):

- unconventional direct pollution, which
means pollution on the relation metal object —
human body and refers to the negative impact of the
object on the body;

unconventional indirect pollution, which means
pollution on the relation Auman body — object and
refers to the negative impact of body on the object,
with direct implications on the duration of its social
utility.

5. Possibilities of maintaining a balance
between the economic development and
pollution

Optimizing the correlation between
development and pollution is a fundamental issue of

knowledge in today’s society. It is also known as the
contradiction between the human activity and
environmental conditions.

The currently recommended measures to
mitigate this contradiction are placed in two
categories:

- measures of technical and technological
nature;

- measures of
administrative nature.

In this article, we analyse a possible situation in
metallurgy.

. The target-binding development in
metallurgy can be characterized by the production of
steel P [tonnes of steel / year]. Under development
strategies, it must have an upward trend (Fig. 5, trend

1.

social-political-

1(P
P
? 2(fco2)
3(Qeoz)
N
3(Qco2)
| |
1995 2000 2005 2010

Fig.5. Dynamics of relationship between development and pollution.
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. Manufacture of steel is accompanied by
CO, generation. The process is evaluated using the
emission  factor fo, [¢-CO, /t-steel]. Where no

action is taken to minimize the CO, emissions, the
factor fco, has constant values (Fig. 5, trend 2).
° The CO, quantity is Qcog:
Oco, =P feo, » [1-CO,/ year]

Where no action is taken to minimize the CO,
emissions, this indicator is trending upward (Fig. 5,
trend 3).

. By taking measures to decrease the CO,
emissions, the factor fco, is trending downward (Fig.
5, trend 4).

. By reducing fco,, we can also reduce
Qcoz (Fig. 5, trend 5), although P increases.

6. Conclusions

* It is proposed that pollutants should be
considered Josses from the technological process
perimeter to the environment.

* It is proposed that pollutants should be
considered disturbances (noises) in the natural system.

* The activities and the anti-entropy
actions determine the reduction of the pollutants
quantities.

* To use the environmental laws to

analyze the phenomena in different areas, it is
recommended for pollution to be considered a soiling
process.

* To solve the contradiction between
development and pollution, it becomes necessary to
minimize the emission factors given by the industrial
activities.
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ABSTRACT

In this paper were performed laboratory experiments regarding processing by
pyrolysis process of urban waste components (wood, paper, textiles). The authors
designed and developed an experimental equipment and were applied several
technological parameters such as temperature and plant maintenance time. The
analysis of physical and chemical properties of obtained products found that
pyrolysis process can be an effective alternative treatment of urban waste to reduce
their quantity and to increase environmental protection.
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1. Introduction

The waste amount at global level is currently
increasing. This is due, firstly, to the global
population growth and the urbanization increasing
process and secondly, to the high rate of
industrialization. These contribute to increasing
quantity and diversification of solid waste, not only in
developed countries but also in developing countries.
Waste concentration is much higher in cities than in
rural areas, because of the urban population tendency
to consume more than the rural one. Therefore,
currently, there is more acute the problem of waste
reduction, recycling and recovering a part of the
waste, or by destruction, using different methods of
those who cannot be recovered.[1]

Recycling and recovering of urban waste at
global level is aiming, firstly, to an advanced
processing (and therefore decrease the amount) and,
secondly, to reduce pollution and environmental
protection. Products obtained from these processes
can be used in other industries.

The largest amount of urban waste is organic
(biomass): wood products, plastics, paper, cardboard,
textiles, food waste, rubber, leather, etc.. The main
substances contained in municipal solid waste are:
cellulosic substances, albuminoidal and protein, fat,
minerals, etc.

There are different methods of waste
processing:  biological, mechanical, thermal, etc.
Among the most commonly used heating methods are
drying, incineration, pyrolysis and co-incineration.

Pyrolysis is a thermal process occurring in the
absence of oxygen and consists of successive
decomposition of the main constituents (cellulose,
lignin, hemicellulose), which have different thermal
stability. The process of breaking and rearrangering of
the bonds in polymers (constituents) that form the
biomass, leading to a large number of products,
grouped into three fractions:

- solid fractions (coal) is the solid residue formed
mostly of carbon;

- liquid fraction (bio-oil, tar, steam): a mixture of
compounds, volatile pyrolysis temperature, which
then condenses at ambient temperature. They are high
molecular weight components;

- gas fraction: CO, CO,, H,, hydrocarbons. They
are low molecular weight components. Considering
that biomass has as basic component the cellulose, we
state that the pyrolysis (thermal decomposition) is
governed by the following scheme (Figure 1) [2].

In terms of energy, pyrolysis reactions are
endothermic and have multiple effects:

- removal and transformation (neutralization) of
waste and other waste type, take into account the
environmental conditions;

- reducing of treated waste in volume and weight;

- obtaining liquid and gaseous fuels.

The composition and quality of products obtained
from pyrolysis depend on the processed waste quality,
but also on the equipment operating and service
conditions. With appropriate equipments, some
products can be separated and recovered completely
as fuel or raw material for chemical industry.
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Fig. 1. Cellulose pyrolysis.

Pyrolysis can be applied in several ways,
depending on working conditions: [3]

- low temperature pyrolysis (400 ... 600 ° C) and
medium temperature (600 ... 1000 ° C);

- high temperature pyrolysis (2000 ° C);

- pyrolysis in molten metal bath salts or;

- vacuum pyrolysis.

2. Materials used and experimental
procedure

To achieve the laboratory experiments, were
used household waste as wood flour, paper packaging
(cardboard) and yarns [4]. All these materials have
approximately the same composition:

- Cellulose (CsH;¢Os) x, proportion of 40 ...
50%;

- Similar hemicellulose xylan (CsHgO,) m,
proportion of 15 ... 25%;

- Lignin [Cy Hjy .3 (OCH 3) 09 to 1.7] n
about. 20 ... 30% (characteristic for wood — it is found
in bole, leafage and bark)

- Organic substances: polysaccharide,
pentozans, hexozans, resins, tannins, dyes, waxes,
alkaloids.

To carrying out the pyrolysis process in optimal
conditions, fine particles materials are necessary. It
has been selected wood flour and cardboard was cut
into very fine strips, while for textile were chosen
cotton waste.

The experiments were conducted in the
University "Dunarea de Jos" of Galati, Faculty of
Metallurgy, Materials Science and Environment and
Faculty of Chemistry laboratories.

It has been established a technology to carry out
the pyrolysis process, based on the following steps

(Fig. 2). l Washing waters

Chip Gas
—’ .
Pyrolysis > Vapor condensation > Gas absorption
N,
 —
\ 4 A4 \ 4
. . +
Solid pyrolysis Liquid separation l\)’V at;r d fgas
products absorbed trom
pyrolysis

Fig.2. Pyrolysis process technology diagram for wood waste.
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It was designed an equipment consisting of an
Automatica electric furnace with silit bar heaters in
which an air-tight enclosure with protective
atmosphere was entered.

For a complete removal of resulting gas, it was
introduced nitrogen, circulating throughout the
deployment process at a pressure of 1.2x10° Pa.

For gas capture, two vessels for washing plastic
(PET) were used and introduced in distilled water and
were connected to the pyrolysis chamber. Resulting
gas were dissolved in water and the liquid can be
analyzed. The third plastic container was left empty,
to capture the last amount of gas insoluble in water

(Fig.3).

Fig.3. Pyrolysis equipment.

Pyrolysis process was carried out according to
the following steps:

- sample preparation. Waste samples were dried
in the oven, placed in two metal tanks and were
weighed on an electronic balance, then placed inside
the enclosure work.

- pyrolysis process. We have chosen several

temperatures:  600°C,  400°C,  300°C, 200°C.
Maintenance times: 4 hours, 1 hour, ' hours.
Nitrogen continuously circulated through the
equipment.

- process ending. The equipment stops by
furnace cooling after the established time and nitrogen

flows through to fully capture any resulting gas;
- sampling and laboratory analysis.

Final, pyrolysis products are presented as three
fractions:

- solid fractions of small particles (wires) of
coal with original waste size and shape (Fig. 4);

- liquid fraction, collected in a silicone rubber
coil, connected to the first gas capture container;

- gas fraction, dissolved in distilled water
containers. We used this method to determine the
physical properties of resulted gases.

Fig. 4. Solid fraction resulting from pyrolysis process:
a — from wood flour, b — from paper.
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to initial sample in terms of mass, after its chemical
composition was analyzed.

In Tables 1, 2, 3 are presented the main
parameters of the process and mass samples, initial
and final mass loss after thermal processing.

3. Experimental results

In the process of pyrolysis were analyzed the
resulting three fractions as follows: Solid fraction.
The obtained coal sample was weighed and compared

Applied thermal regime and mass loss of analyzed samples
Table 1. Wood Flour

Thermal regime Solid mass fraction (g) Weight loss (AG)
Sample i
P Tem‘(’oecr;‘t“re (IT;E;Z) initial G, | final G, (@ %
B, 600 4 20 5.30 14.70 73.5
B, 600 1 20 6.40 13.60 68.0
B; 400 1 20 6.59 13.41 67.07
B, 300 1 20 8.10 11.90 59.5
Bs 200 1/2 20 8.70 11.30 56.5
Table 2. Paper waste
Regime Solid mass fraction (g) Weight loss (AG)
Sample i
P Teml(’o‘g;‘t“re (g;‘;‘rz) initial G, | final G, @ (%)
H,; 300 1 20 6.90 13.10 65.50
H, 300 1/2 20 7.49 12.51 62.55
H; 200 1 20 9.23 10.77 53.85
H, 200 1/2 20 11.17 8.83 44.15
Table 3. Textile waste
Thermal regime Solid mass fraction(g) Weight loss (AG)
Sample i
P Tem‘(’ofg;‘t“re (E;L‘;z) initial G, | final G, () %
T, 600 1 20 3.95 16.05 80.25
T, 400 1 20 7.49 12.51 62.55
T, 300 1 20 9.07 10.93 54.65

AG mass loss is determined by the relationship: AG = G, — G

The diagrams in Figure 5 show the variation of mass

loss depending on process parameters and sample’s
material.

Weicht loss [%]

B, B, B; B4 Bs H, H, H; H, T, T, T;

Fig.5. Mass loss resulting from pyrolysis: a) wood flour, b) board, c) textile.
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Mass loss increases with increasing temperature
and working time, also is quite important even at low
temperatures (200 ... 300°C). On an LECO equipment
was analyzed the result coal of pyrolysis of wood and
cardboard waste. The carbon percentage shows the
process efficiency and solid fraction recovery

possibilities (Table 4). Carbon content is high, so the
thermal decomposition is advanced even at low
temperatures.

For identification of other elements present in
the solid fraction was used XRF spectrometer. The
results are presented in Table 5.

Table 4. Carbon and sulphur content of analyzed samples

Thermal regime
Material Sample Temperature Time Ca(f/b on S“'E}h“r

(°C) (hours) (%) (%)
Wood flour By 300 1 73.24 0.30
Wood flour Bs 200 1/2 71.90 0.32
Wood flour By 300 1 70.95 0.34
Cardboard H, 300 1 57.33 0.18
Cardboard H, 300 1/2 56.89 0.17
Cardboard H; 200 1 53.44 0.18

"B, sample was obtained by pyrolysis of wood waste in the absence of nitrogen.

Table 5. The content of the main elements present in pyrolysis material

Sample Zn Fe Mn Cr Ca K
H, (Cardboard) 31.61 353.93 41.91 386.01 15728.2 28552.15
B4 (Wood flour) 26.29 321.09 39.62 335.07 15310.34 27698.71
T; (Textile) 44291 362.89 396.46 12162.84 3033.41

The analyzed samples were subjected to the same
working regime (temp = 300° C, time = 1 hour).
Liquid fraction resulted is a strong smelling tar, dark
brown color and consistency of oil. Because small
amount were obtained, could not achieve a complete
material analysis. The resulting gas from pyrolysis
was dissolved in distilled water to determine the

physicochemical properties of the resulting liquid,
using a multifunctional analyzer with Consort C862.
For each sample were determined pH, electrical
potential (V), conductivity (1), resistivity (p) and total
dissolved salts (TDS).

The results are presented in Table 6.

Table 6. Physical properties of dissolved gases

Sample code
Parameter | Measurement units Wood flour Cardboard Textile

(By) (Hy) (Ty)

pH upH 3.74 4.44 3.67

\% eV 164 116 185

A uS/cm 62.5 24.9 141

p kQ-cm’ 15.99 47.5 7.09

TDS mg/L 37.1 11.2 83.6

All liquid samples analyzed have low acidic pH.
The sample’s acidity is given by the content of
organic acids and carbon dioxide, retained as a result
of distilled water barbotage of the gas resulting from
the pyrolysis process.

Liquid samples have variable conductivity, the
highest values occurring in those from the textile
waste. The total content of dissolved salts recorded
higher values throughout the textile waste.

Gas fraction. For gas analysis was conducted a
wood waste pyrolysis at a temperature of 300° C for
one hour.

Gases were captured in two plastic containers,
without using distilled water. It was wused a
combustion gas analyzer MSI type. The results are
shown in Table 7.

The pyrolysis conditions applied resulted in a
high content of NO and CO.
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Table 7. Gas fraction composition of wood waste pyrolysis

Container 0: S0, NO co CO,
(% vol) (ppm) (ppm) (ppm) (% vol)

1 10.8 281 509.5 853.6 9.8

2 19.4 35 412.3 543.8 1.5

4. Conclusions

The experimental research led to the following
observations:

- the organic decomposition by pyrolysis process
was carried out in a simple equipment with low
energy consumption;

- the low temperature and time process;

- the small amount of solid fractions after
pyrol.ime and working conditions;

- the resulted coal is called "biological coal" and it
has a high mineral content, useful as fertilizer in
agriculture;

- the captured gases contain a high percentage of
NO and CO. In an industrial gas plant, the resulted
gas can be used as fuel in the pyrolysis process,
thereby eliminating carbon monoxide;

- the possibility of energy recovery products;
- the possibility of a wide variety of organic waste;
- low environmental impact.

From observations during experimental research it
can be concluded that in an urban area, depending on
waste storage and processing possibilities, pyrolysis
may be preferred to other waste treatment processes
due to the advantages it presents:

- waste consumption;

- use of charcoal as a solid material for
wastewater treatment, including those resulting from
the pyrolysis.
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ABSTRACT

Processes and prime materials involved in Fe-Cr-Al alloys production by
aluminothermy are presented having in view new possibilities to produce them more
ecological and more efficient, using energy of microwave field.

The capacity of heating pieces of chromite ore containing 56.52 %mass Cr,O;
and a ratio (% massCr,03/ %massFeO)=2.622 in a domestic microwave oven is
evaluated at the maximal power of the microwave field of 700W where a maximal
temperature about 260°C was obtained after 16minutes heating. A rapid cooling
from this temperature to 20°C, by water immersion induces an increasing of the
internal voids due to new cracks and the development of pre-existing cracks of about
0.15-0.29 %, which helps to reduce the energy consumption in chromite
comminution. The final heating temperatures show a low possible contribution to
the reduction of energy consumptions in direct metallurgical processes on the
account of chromite ore heating in microwave field.

KEYWORDS: chromite ore, microwave heating, internal voids, cracks

1. General aspects

Classical metallothermy is based on the thermal
energy released by exothermic reactions of different
oxides mainly that or those of the metal recuperated in
ferroalloy, which spontaneously proceed after the
ignition of an exothermic mixture. Igniting mixtures
presents characteristics of a low ignition temperature
and a high thermal effect. Around the ignition place a
zone of important heat emission develops and the
thermal energy contribution makes possible the
development of the main metallothermic reactions
related to the ferroalloy which is the object of this
activity.

The main reaction could be generically written
in the following form:

MeO +R—Me+RO (D)
The condition for such reaction to take place in
the direct sense, at a temperature T, is:

AG"<0 ,
where:
AG’=AH0s-TAS ¢ is the standard variation
of the free enthalpy.

According to basic papers [1][2], certain class of
materials are necessary to compose an exothermic
mixture of materials to obtain ferrochromium without

carbon content, through the aluminothermic process.
The sources of chromium are usually chromium
concentrates containing 60% Cr,O; and cca. 14%
mass FeO. Chromite ore contain mainly the spinel of
chromium FeO-Cr,O; and other oxides as magnesia
(MgO), substituting for FeO and alumina (AL,O;) or
the ferric oxide (Fe,0s3), substituting for Cr,0O; are the
main mineral materials used to obtain these
concentrates.  According to  possibilities  or
requirements in the mixture are used partially
materials bringing oxide as CrO; or oxy-salts
K,Cr,0;, instead of Cr,O from chromite ore.
Handling and storing by-products must be extremely
controlled in the case of chromium trioxide CrOs;, due
to carcinogenic potential of the Cr®". Chromates,
dichromates, chlorates, perchlorates, nitrates, calcium
permanganate, silicon  permanganate, sodium
permanganate are used as oxidizing materials.
Aluminium, silicon, calcium, sometimes manganates
are used as reducers. CaO as lime and CaF, as
fluorine are used as fluxing agents. Mixtures, as
barium peroxide and aluminium powder or sodium
nitrate and magnesium powder, are used as igniting
agents. In order to give a certain solid consistency to
the column of granular and powder materials, cement,
sodium silicate as aqueous solution or certain organic
materials are used as binder.
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2. Thermodynamic aspects of
aluminothermy in obtaining chromium
metal and alloys

Reduction of various oxides of chromium and
other compounds containing chromium using
aluminium as reducer are presented as chemical
reactions in the Table 1.

The reasons of introducing of an oxidizing
material, as mentioned before, consist in the energetic
needs to ensure the progress of the reduction of the
main chromium source. According to the data
presented in the table 1., both two possible reactions
of reducing Cr from Cr,O; using aluminium as
reducer are not enough exothermic to fulfill the
necessary thermal energy.

In the case of metallic chromium and
ferrochromium  without  carbon  using  the
aluminothermy process, the main reduction reactions
of chromium oxides with aluminium are not enough
exothermic, compared to necessities. In the Tablel
these effects are presented.

The bolded reactions are those making the
object of aluminothermy.

The main problem of metallothermy, in general,
is to ensure the necessities of thermal energy required
in each volume where there are accomplished all the
other conditions for reduction of oxides source of
required metal in the ferroalloy.

According to ref. [2], the necessary unitary
thermal effect which must develop to ensure the
reduction reaction could be evaluated using the
relation:

where:

Mueo - is the molar mass of the oxide of the
metal to be recuperated in the ferroalloy;

Mg- is the molar mass of the metal used as a
reducer.

The required value of the necessary released
heat must be: AH>2300kJ/ kg charge

According to the ref.[3] the required unitary
thermal effect must be: AH>2700kJ/ kg charge. In
these conditions it was evaluated that a
metallothermic process runs spontaneously, that
means it is self-sustaining and ensures an adequate
separation of metal product and slag, if the following
condition is accomplished [3]:

AH"5< -302kJ/gr.at Al According to the table
1[1-4] reduction reactions of chromium oxides with
aluminum do not satisfy this conditions, also
reduction of silicium dioxide with aluminium and
reactions (2)(7)(8) are carcinogenic. Reduction of
Fe;0,4 with aluminium satisfies the required condition
and the heat released is in an evident excess,
compared to the condition. This physical evidence is
not enough investigated and valorized, despite its high
economical and  ecological  potential. In
aluminothermy process applied to obtain chromium
metal or alloys without carbon or silicon content, also
in other metallothermic processes, other reactions
mainly exothermic could be produced and also they
have harmful effects being toxic, carcinogenic or
present risks of strong inflammability and explosion.

Table 1. Values of AH" s, [kJ/ mol Al] of different reactions possible to take place in metallothermic
production of chromium alloys based on chromite, and of different associated reactions

Variation Observations on
Crt . . standard reaction and on main
Reduction reaction
no. enthalpy reactant;
AH0298 [1]-[4]
1 1/2Cr,0;+Al—Cr+1/241,0; -272.2 deficit of heat
2 172CrO;+Al—1/2Cr+1/241,0; -547.2 Carcinogenic, deliquescent
3 Cr,0;+2A41+CaO—2Cr+CaO- Al,0; -275.8 deficit of heat
4 Cr,FeO4+8/341—2Cr+Fe+4/341,0; -290.6 deficit of heat
5 CrFe04+8/341+4/3Ca0—2Cr+Fe+ -298,6 deficit of heat
+4/3CaO- AZZO3
6 CrO;+2A41+CaO—Cr+Ca0-Al,0; -550.8 Carcinogenic, deliquescent
7 K,CryO,+4A41—2Cr+2 AlL,O;+K,01 -429.7 Carcinogenic
8 Na,Cr,0,+441—2Cr+2 A,O3+Na,01 -449.3 Carcinogenic, hygroscopic
9 3/8Fe;04+Al—9/8Fe+1/2 Al,O4 -418.3 -
10 3/4Si0,+ Al—3/4Si+1/2 Al,O4 -158.7 deficit of heat
1- the compound vaporizes or it is a gas at reaction temperature.
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3. Experimental trials

3.1. Composition of chromite ore

A piece of chromite ore obtained by cracking,
taken into account in this research was analyzed
visually.

On the surfaces of the chromite ore piece
enough important zones contain thick filaments of

silicates grown intimately with chromite. The
chemical composition presented in the tab.2, was
obtained on granular samples obtained by crushing
using an X-rays spectroscopic device.

The result of the analysis of the average sample,
obtained by quartation method, is not identical with
the arithmetic average of the initial five samples, but
enough close to this.

Table.2. Chromite ore composition

Crt. Oxides, %mass Cr,0;,
No. Cr203 FeO S102 Ale3 MnO NiO /FeO
1 59.231 19.2 18.97 2.097 0.605 0.693 3.098
2 55.74 20.884 | 22.267 - - 1.108 2.669
3 57.281 | 23.796 | 16.816 - 0.721 1.386 2.407
4 52.24 20.69 25.71 - - 1.36 2.525
5 55.48 21.852 21.0 - - 1.668 2.539
6 59.332 | 23.157 | 16.177 - 0.30 1.034 2.562
* 56.52 21.56 20.21 0.23 0.27 1.121 2.622

* Average sample obtained by quartation method.

3.2. Heating of chromite ore in microwave
field

Experiments have been performed in the
laboratory “Alternative and Non- conventional
Processes in Metallurgy” of the Faculty of
Metallurgy, Materials Science and Environment of the
“Dunarea de Jos “University of Galati.

Four samples of chromite ore of initial mass in
the range 73.7-170.9 g measured after the exposure in
free air at 20°C for 24 hour, have been submitted to
heating in a domestic microwave oven generating a
microwave power of 700W.

Chromite samples have been placed inside of a
central cavity (height H=80mm, inner diameter
[.D=115mm) made in a refractory bond and covered
by ceramic refractory wool (1250°C) of 25mm
thickness.

A K-thermocouple (1200°C) places in a
refractory shell with diameter D=3mm, length
L=145mm, coupled to a measuring device Digitron
2751-K was placed centrally through a hole drilled in
the roof of the microwave oven, inside of this as
closed as possible to the chromite sample. The
evolution of temperature is shown in fig. 1

200

180 -

160 -

140

120 -

100 ~

80 -

60 -

Temperature, Celsius degrees

40 +

20

y = -0.5224x* + 18.516x + 17.191

R? = 0.9985

0 T
0 5

Heating time, minutes

10 15 20

Fig.1. Evolution of temperature (contact) on the heating time in microwave oven at maximal power
700 W of chromite ore samples nol and 2 together. Temperature measured after heating pause cycle
Imin./pause/Imin./pause/2min/pause/4min./pause/8min./final. Total heating time: 16 minutes.
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The registered temperatures upon the heating
time (excepting pauses) are presented in the figure 1.
The samples at their final temperatures have been
cooled in water (20°C) by rapid immersion and
weighted mainly in order to evaluate the contribution
of the rapid heating and cooling to the cracks
development. They have been weighted again after an
exposure of 16 hours in a free air at 20°C The distance
between the thermocouple and the sample influence
much the displayed value of the temperature because
of the inertia in heating transmission by different
mechanisms, mainly by convection and radiation, but
which is desired to take place by direct contact, from
sample to the shell of thermocouple and further,
inside of this through the thin refractory protection
layer, to the junction point chromel-alumel. These
aspects could lead to differences of instant
temperature of several tenths of degrees, not enough
evaluated in the present experimental trials.

Therefore, only in the case of the first two samples of
chromite, a heating curve could be established,
without to take into account the pauses durations,
separated or summated.

The maximal performance of heating is better
represented by the samples no.3 and no.4. The
experimental results in table 2 after 16 minutes at
100% power show a temperature about 259°C by
heating of chromite samples in microwave oven and
an induced porosity and cracks of samples by cooling
in water, of 0.15% ( sample no.3) and 0.29% (sample
no.4). The total volume of internal voids, concentrated
or as active cracks, by the treatment consisting in
microwave heating and freezing by immersion in
water seems to double, compared to the initial state.
These results show the necessity to determine better
on more systematic bases the tendency to cracking by
heating in microwave oven, followed or not by
cooling, commonly in water.

Table 3. Results of microwave heating applied to samples of chromite ore

Mass, [¢] Temp.[’C],
after
S I After cooling in he'atntlg 1,6
Nimp ¢ After Water [20°C] for 25 | After 16 2:2‘;‘03:;&
: Initial heatin minutes and 25 hours at ¢
g minutes drying at 20°C over; a
20°C 100%
power
1* - 73.7 75.2 74.7 179.3%*
2% - 120.6 123.6 122.3 179.3%*
3 130.2 129.3 131.9 130.4 259
4 170.9 169.6 172.4 171.4 255

* samples no.1 and 2 have been heated together.
** temperature according to the explanations in the Figurel.

4. Commentaries and conclusions

Thermodynamic data on the specific reactions
show an important potential to use iron ores as an
oxidizing material and iron source in the final alloys
especially when technical alloys Fe-Cr-Al are
produced. This could be better exploited by applying
a preliminary heating of the oxides mixtures before
processing by aluminothermy. Direct heating using
microwave field energy is full of benefits because of
its fastness and direct mass heating effects resulting
from the energy transfer particularities offered by this
energetic field. Eventual limitations in extending this
process, due to the limitations of power of
magnetrons, used to generate microwave field, are not
prohibitive in industrial practice, when introduction of
preliminary heated amounts of reactants in the
aluminothermic process could be done gradually but
relative continously in a certain time period, until the
whole programmed amount is consumed. In case of a

bigger industrial aluminothermic facility several lines
for microwave heating working simultaneously at a
maximal capacity could use for heating reactant
mixtures. In this way, the general classical problem of
metallurgical plant consisting in an extremely limited
flexibility around initial designed capacity is largely
avoided in the case of using heating energy by
microwave field for aluminotherhic production of
chromium alloys without carbon, not only for alloying
steels but also including those containing high
contents of iron as basic materials for technical Fe-
Cr-Al alloys.

It is expected that heating in microwave even at
important rates of temperature increasing due to the
particularities of microwave energy transfer from the
generated field and the samples of chromite, taken
separated or coupled with a relative high cooling rate
by immersion in water, induces inner mechanical
tensions of dilatation and compression, which locally
could exceed the internal mechanical resistance and
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further lead to new cracks and to the development in
length and/or width of the already existent cracks. In
this way the implementation of the microwave heating
technology could be useful in decreasing of energy
consumptions  during  different = comminution
operations applied to chromite ore.
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ABSTRACT

This paper presents a coupled thermo-elastic contact problem with
tribological processes on the contact interface (friction, wear or damage). The
unilateral contact between the cilindrical roll system and a deformable foundation
(slab, bloom, etc) is modeled by the Kuhn-Tucker (normal compliance) conditions,
involving damage and/or wear effect of contact surfaces. The continuum tribological
model is based on gradient theory of the damage variable for studying crack
initiation in fretting fatigue [11], [14], [15] , and the wear is described by Archard
s law. The friction law that we consider is a regularization of the Coulomb law.

The weak formulation of the quasistatic boundary value problem is described
by using the variational principle of virtual power, the principles of thermodynamics
and variational inequalities theory. Thus, the main results of existence for weak
solution are established using a discretization method (FEM) and a fixed-point

strategy [5].

KEYWORDS: Continuous casting, Thermoelastic contact, Friction, Wear,
Fretting fatigue, Variational Inequalities, Galerkin Discretization Method

The elastic thermo-deformable body (walls of ¢ & [0,T] time variable;
the mould, cilindrical rolls system) occupies a regular yen - variable:
domain £ € ¥ (e = 2,37 with surface I that is spatial variable;

portioned into three disjoint measurable part u : {17 — Rd displacement vectorial field;

r= r,Jr, I  such that means T = E‘-} ;= [ﬁt‘- velocity and

(Fy )= @ Let [9.T] be the time interval of interest inertial \fgctorial ﬁelds,?cspectively;

with T = €. The body is clamped on (0T} ¥ I, e« fT_ — &_ stress tensor field (second

and therefore the displacement field vanishes there. order Piola —Kirchhoff);

We denote by &, the spaces of second order elu) — é([fu + PaeT) strain tensor field
-

symmetric tensors, while “*” and || will represent the . )
(linearized tensor Green-St. Venant);

i duct and the Euclid S €
nner product an € ruclidean norm on d or R & ; ﬂf — lHE temperature scalar ﬁeld;

Let 7 denote the unit outer normal on I, and
TOP - SURFACEFLUX LAYER :

everywhere in the sequel the index I,j run from Powdered flux—

1 to d (summation over repeated indices is implied Roered S
Liqud flux

and the index that follows a comma represents the oS
partial derivative with respect to the corresponding FluxRM
component of the independent variable).

We also use the following notation and physical

Submerged Entry
Nozzle (SEN)

nomenclatures: Mold Wall
Q= (0,T)x g ; Solid Steel
Q= [0,T] x(Qur): (Strand)
r—aq; rp— (T Fig. 1a. Schematic unilateral contact with
e = (0.Txf Lefuw; a; e} pure sliping between the walls of mold and

molten steel [5], [12], [14].
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Fig. 1b. Schematic unilateral contact with
pure rolling between the support-rolls and
steel slab [5], [12].

We assume that a quasistatic process is valid and the
constitutive relationship of an elastic-viscoplastic
material can be written as

a = Ai) + Gelul — €8 (1.1)

where L and § are nonlinear operators whitch will
be described below,
and €= () represents the thermal expansion
tensor.

Here and below, in order to simplify the notation,
we usually do not indicate explicitly the dependence
of the functions on the variables & € £ (on the time

L= [0, 7] svinellinex). Examples of constitutive
laws of the form (2.1) can be constructed by using
thermal aspects and rheological arguments, (see e.g.

(3], [5], [6], [10], [11]) .

When € = 2 ; the constitutive law (1.1) reduces
to the Kelvin-Voigt viscoelastic behaviour of the
materials ,

¢ = Asile) + Galw), i dy  (1.2)

Finally, the evolution of the temperature field is
governed by the heat transfer equation (see [1], [3],

[6]),
¢ —di{Kv@ =¢—C- Pt p, B (1.3)

where : K = () r=z

is thermal conductivity tensor;
€= (&)ip=12

is thermal expansion tensor;

g represent the density of volume heat
sources.

In order to simplify the description of the problem,
a homogeneous condition for the temperature field is

considered on [, T, |
§=6, o RrVUBr  (14)

It is straightforward to extend the results shown in
this paper to more general cases.

Also, we assume the associated temperature
boundary condition is described on I ,

(T -1 — =k 0= &), on I ¢ (1.5)

where 8, is the reference temperature of the obstacle,

and Kk is the heat exchange coefficient between the
body and the rigid foundation.

Thus, the thermo-mechanical problem in the clasic
vectorial formulation, can be written as follows :
Problem (P):

Find a displacement field u : L pd
a stress tensor field @ &y = &4 and,
a temperature field &4l = R guch that,

¢ =Al(i) -+ Glehd)—C-8 (1.6
-diveteiwll=r, im0 (17)
§ —diviKVE) =g —C Tl (1.8)
w=0, enlye  (19)
ols(w) n=yg, onEyr  (1.10)
. gy O
lowfae)| = plFopine), onlyr e (1.12)

|arfae}] = pl Forgfreh| = e =0 (1.13)

| Cel| = p|TFom, fe)| =
Eaﬂ-g 0 e (u)=—aw, 1Y

(KT -1 — —kef@— &), onTFyr (1.15)
g= &.. mf;l? U r-:n?

wl@=0;0M0=46 . m2: (1.17)

Here, #g =0 and #; represent the initial
displacement and the initial temperature, respectively.

(1.16)

Also, a volume force of density f actsin 21 anda
surface traction of density g actson [ & .

We will consider a nonlocal Coulomb friction law
and in fact a regularization of it in order that the
boundary terms in the formulation of our problem

=
make sense. In the sequel, T + B =(I) = E*(I")

will represent a smoothing operator that is linear,
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ontinuous and this satisfy,

(Fofuw)), = 0if o, (W = 0, on L,r (1.18)

2.Variational formulation. Existence and
uniqueness results

In order to obtain the variational formulation of
Problem (P) , let us introduce additional notation and
assumptions on the problem data.

Let, P ]H[l_}ﬂﬂ_ and ﬂf!‘l?l Hi_}'m[
the Hooke deformation and divergente operators,
respectively, defined by:

sfue) = {502

Ll
1
) =2 Qs+ g)
diwd = (Tl 1=T7 -

>

Also, we denote the real Hilbert spaces
M, ‘H T, and F respectively:

H:=L30 ; H:=13)d ;

H, :=H¥D) ;

H=[g= i:e:'”}?- &g ! @1

Fp = LA} = §4(H);
Hy:={ceH: :divaezl]};
Hy = (wc M alw) cFE]

and the cannonical inner products, defined by:
fu,ely= [u-vda

{“.'V};{p= ,rﬁ'u"rcﬁx
L3, 0 by = fu-r::z‘;f- + f Vie-Vo da ;
i

||| 2:,, = {1:?1::1;.;, : ||H||E[]= {H.-’H}m
Co.aly = fﬁﬁﬁﬁ{bﬂ} 't{ﬂ{'&;}}nﬁm =

= fpoyry dx :

lell3 = € ool ;

(lww g = (w,w)g+( slu)ev) )y
i, = Clae,wd)ly,

(e Ve, = ‘:G,T};;- +§dlve, div Tl :
Il 7, = (@@ Vg, |

bl

We denoted by
|I'|I;—] r |I'|I;|l|'_' r |I'";—],_ and I' I.jlf_'-l the

cannonical norms induced by coresponding inner
products in the respectively spaces.

For every element 12 Hl; we also use the
notation # to denote the trace of # or I’
(ie Fp? = Iilg) and, we denote by 1, and 77,
the normal and the tangential components of 1 on
[" given by,
¥, =7'N ;

Vr=T—H1 2.2)

the normal and

We also denote by &,, and &,
the tangential traces of the element & € JFEy given
by,

Gm=lg-al"w ; go=an—0c.n (2.3)

We recall that the following Green’s formula holds:

for a regular function @ €M, fixed, and
(¥)ec
- w . . . (24
T ¥ s whad

We remember that the elastic-viscoplastic body is
occupies of the regular domain £ © B* with the
surface I that is a sufficiently regular boundary,
portionned into three disjoint measurable part,

F=F U UL,
such that &% — maana (FL) = 0.

Thus, we define the closed subspaces W and UJ
of Hy and Hj, respectively, by:
Vi={wvel,iv=0, on R} (25

Fi={@chH: @=0,on UL (2.6

and TH be the convexe set of admisible
displacements given by,
Ei={veV¥W: o a0, ] 2.7)

Since @& — means ()] = @, Korn’s
inequality holds (see [9], 1997 - pp.291) and there
exists @ == 0, depending only on € and I, such
that:

ot N, =Ca,7)y +tidve, dively;
lallZe, = {{aa Dz, -
|vllg, Selletv) g . (Mve¥. (2.9)
Hence, on W we consider the inner product given
by,
{w,wly = (el elwlly, (Fuwva¥ (2.9)
and the associated norm,

I2lle = llefwdlge , (Dve¥.

It follows that I |:.;’ and ||||~3 are equivalent

norms on ¥ and therefore (¥ ,||||~_}=: is a real
Hilbert space.
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Moreover, by the Soblev’s trace theorem and (2.9),
we have constant ¥ ™ @ depending only on the

domain f? and the its boundaries T, and T, such

that,

7z gpe 2 Flivlm,, (¥ee¥ (2.10)

In an analogous way, we can prove that the norm
NGy = N¥6[ly . (%) & € & associated to the
inner product on u given by
(1) g = (V& Vily is equivalent to the classical
norm on Hy .

Hence (L, I'llrﬂ is a real Hilbert spaces. We

also recall, that for every real Banach spaces E we
use the notation €([0,T]:E) and €*([G.T); E)
for the space of continuous and continuously
differentiable function from [0.T] o E,

respectively, €2([0,T1,EY is a real Banach space
with the norm ,

lee]] eo¢ rarney = Mk argryl i)z (2.11)

while El[:[ﬁ,-i“]; E} is the real Banach space with
the norm,

lleel cocrazner = Inell eocparey +

+ |l98l| copuryen

If k=34 and @ = [Lw] are arbitrary, then we

use the standard notation for the Lebesgue spaces

(2.12)

EF(D,TE) and for the Sobolev spaces
Wk"}(ﬂ,T 1B,
e o =

= Zimlsr 1™l 7iaz )
While the Banach spaces E is W ™% () we have,
lwfedllz = e g =
= Z mlar 1D el oy =

e
= Elmlgrd Lol Dl Hax)|* dc
te [g.l ﬂ P MLE Hk

In this paper we use as an example & = ¥ , and

we also use the Sobolev space K> (0,7 : W)
equipped with the norm ,

||l weemcpr w =
el =i gz g + ||l goipr s =

= @58 PUPpa[p=|| () ||y +
+
858 P ealor] || TEiEH v =
= 253 ﬂlF.-_--[q.r]”E{“{ﬂ}”w'i'
+
ez WI"HEIH]” E{i‘{ﬂ}”&c

14)

(2.15)

Finally, we recall the following abstract result
concerning some evolution equations (see [2], 1997-
pp-151; [9], 1997- pp.124), and which will be used in
Section 3. of this paper.

Theorem 2.1
Let VWEHSV' be a Gelfand triple , and
AV =TV" is a hemicontinuous and monotone

operator, i.e. (3) ¥, G € B,(a ¥ = 0] such
that,

wdvvrprealelf &, (Wwa¥ (2.16)

ldvly =yl 1), Wwe¥.  (2.17)
If e H and FeL¥(0.T V) are given

functions, then the evolution operatorial problem ,

Eﬁ{r} +Au(e) =g} , te{QT)

(2.18)
wil) = u,

has a unmique solution which satisfies the L’

regularity properties,

w2 LN, T;¥) n c¥[0, Tk H)

e L0 T

We recall the Green formula, which is valid in this
regular functional context :

{ofsh), sw) ), + (dtwa{siu)), v), =
= Efﬂlﬂ}'“ Wty , (Hlvel

where, we denote the functional spaces :
X=141) ; ¥ =H(D) ;

Y= =00 :(1=u0c)
H=13¢ ; ¥ =Hi(9

=120 Y =HiT : d=wac)
= H'iil“’} = H'i{l‘}‘* :

Y =HE : B =HEE ; d=uad)
and obtained,

afu) ne ¥V, (VaosH,.

(2.19)

Let W denote the closed subspace of I,
defined by,

V={vel rv=0,m L} (2.20)
We note that the Korn inequality holds
(see [9], 1997-pp. 96 ), i.e. exist @& = {1 only depend
by £ and I, :
)|l = elleelm,, (Du=v.
By using the inner producton W,
(7 )y = (o1}, 8(v) )y,
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and the norm induced ||’H||-;r= ':Ta‘-r'h‘- :f-T we
obtain that W is a Hilbert space.

Next, we denote by & =+ F(t] an element of
W' given by:

= Fighw Sep= (fE) vig- 51
(9 rovde, Wvev, ceer] @2V
where, Jf and g are data, and
Fp1# @ W, © &, is the trace over I of the vector
veWe H,.

For the variational description of the friction law,
we denote the friction functional,

input

JrH, x ¥ =RK,

Kawi= FlulTollv ds
where,

il = llpglleg 5 1wl = llyow—1ovlle, ;

T ¥=HHLE =X =L3L)YF ic

|Foql= 1Fouiw M,

(2.22)

Thus, for the variational description of the
unilateral contact condition, we introduce the space

¥, = Hi(I},) as the set of restrictions to I, of the

¥ = Hiﬁﬂ functions which are null on I, .

Also, we denote by = ..+ my'p the duality
pairing be}xveen I, = Hgﬂ" ") and its dual
Y, = H™=2(), 4
= g (1), 1, g, v = L aoit) w, ds,

L=

(¥IveV oeHy, apt t=(0,T).

(2.23)

Now, let us introduce the convex set of admisible
displacements, defined by

KE={ve W:n=s0,on L} (229

Finally, in the study of the thermo-mechanical
problem (P} = (1.6) — (L17} we assume that

the operators oE. % satisfies
conditons ( [5], [6], [12]).
Thus, the variational formulation for thermo-

mechanical problem (P} = (1.6} — (1.17) is
obtained.
Problem (VP) : Find,

a displacement field ¥ * [0.T] = ¥,

some regularity

astress field «z [0, T] = ¥  which satisfy
the evolutionary quasivariational problem:

e ={e{w)) + Glew)), t=(0T) (225

(i), efv)—slwid)) )y +
+ Mol v) = o) 4(H) =

= & FiEhv—0t) »g gz + (2.26)
= g () 1 — () *yh Y
(WveV apt
t={0T)
- o () w, —w ) e
AweTK, e 0,77 427
wlld = g (2.28)

We assume that the input data of quasivariational
problem (VP) = (2.25)-
—(2.28) satisfies the minimum regularity conditions,
L™ (TR ; gesl™i0T;
fei=LTE) ; g €I~ O.Ti%) ,

uu.ﬁ]K

Theorem 2.2 ([7])

(for the existence of weak solution { W: & })
Assume that the input data satisfies the minimum
regularity conditions (2.29) , and the regularity

hypotesis for the elasticity operator § and for the
viscoplasticity operator = respectively, to hold good.

Then, there exist a weak solution {4 : & } to
the problem (VP) =(2.25)—(2.28) satisfying the
minimum regularity conditions,

wes wi={o,7; vinc[eT];

&,
me FLT: B.). (2.30)

Remark 2.3

We could have taken data f and g with the L% —
regularity properties in the time variable,

FeElFONH; g=t2(0TR) (231)

and Hg € &, then we would obtain the existence of
weak solutions for the problem (VP), also, satisfying

the Lg—regularily properties,
ws HYL,T) E); os L20.T: #.) (2.32)

3. Main existence and uniqueness results

In this section we use the temporal semi-
discretization Galerkin method for the proof of the
existence concerning the weak solutions of the (VP)
problem, (see [S5], [6], [12]). For this, we need the
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following notations, which assume to introduce a new
variational formulation of the initial problem (P).

We define the following functionals,
@ WmW—HE abilinear form by,

afuv) = (A(s0d), slw)]

b: WxW—=E, alinear form only with
respect to the second argument given by,

3.1)

3.2
pur) = (Gletd), o3) i
by W—=R Ilinearform,
Hw) = (Fle) vig +
(@it} YI}F}K;: + % o {0 e U
= [ flvex + (33)

+ Jr a{edvds + [ o uds
ap.t. EE {ﬂ, T::[ 5

Thus, the quasi-variational evolutionary problem
(VP) =(2.25)—(2.28) find,
a displacement field w t [&,T] — W and
a stress field & ! [E[,T] —+ M
which satisfies the following problem for a quasi-
variational inequality,

a= Al =)+ Gle(w))), t=(0T) (3.4)

af s, v —wlt)) +
Muft), v—uft)) + falt), v)-

—flafe), (e} = v —wir}}, (3-5)
(¥lveV ., apt t={QT)

ﬁﬁnir}aﬁn_“nir}}ré, r‘_.zﬂ, 36
(ViveK , (¥ee[0T] (3-.6)

wil) = ug (3.7)

4. Conclusions

In the present paper has been investigated a
mathematical model for as well triboprocess
involving the coupling thermal and mechanical
aspects by specific behaviour laws of materials.

The contact condition for this quasistatic
processes has described as effect of a normal and
tangential damped response properties.

The classical as well as a variational
formulations of the thermo-mechanical problem are
presented.
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