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SETTING THE OPTIMUM ANGLE OF SOLAR
COLLECTORS SETTLEMENT

Alexandrina TEODORU, Tanase PANAIT, Krisztina UZUNEANU,
Daniela TASMA, Catalin MOCANU

“Dunarea de Jos” University of Galati
email: dtasma@ugal.ro

ABSTRACT

The performance of any solar energy system depends very much on the
availability of solar radiation and the orientation of solar collectors. Solar
collectors need to be inclined at the optimum angle to maximize the receiving
energy. In this work, we proposed to analyze the optimum tilt angle for compound
parabolic collectors CPC with different concentration ratios. There are analyzed
the energy gains when the collector keeps the same position during the whole year
and when the collector changes its tilt twice a year, in summer and in winter.

KEYWORDS: solar collectors, CPC, orientation, optimum tilt angle, useful

energy gain

1. Introduction

The conversion of renewable energies becomes
more important day by day, because of the
conventional fuels cost and the environmental
pollution. Solar energy is one of these renewable
energies which can be converted directly into
electricity or into heat. The efficiency of solar
collector depends on many factors: design,
construction, position, orientation, climatic condition
of the place, application for which they are used. The
best way to collect maximum solar energy is to
optimize the position and orientation of solar
collectors.

The factors which affect the value of the
optimum tilt angle are [1]:

— the type of application, i.e. stand alone or grid
connected;

— maximization the amount of collectable
radiation for the whole year or a certain period of
time;

— actual climatic condition of the site, regarding
snow fall, dust storms or polluted air.

Many papers present optimum tilt angle of the
collectors for different locations. Moghadam et al [2],
determined the optimum tilt angle for each month of
the year, for the first half and the second half of the
year and for the whole year. First half, second half
and annual optimum tilt f were determined as f=®&-
23°, f=d+23°, f=d, where @ is the latitude. Shariah
et al [3] concluded that for the chosen location,

Jordan, the system is operating with sufficiently high
solar fraction when the tilt angle is f=®+(0°—10°)
for the northern region and f=&+(0°—20°) for the
southern region. Skeiker [1] developed an analytical
procedure to obtain formulas which require the least
number of parameters to determine the angle B for
any chosen day, latitude and for any value of the
surface azimuth angle. The results of Gunerhan [4]
and Elminir [5] suggest that for the systems which
utilize solar energy throughout the year, the optimum
tilt angle is taken to be equal to the location latitude,
while for summer p=®-15° and for winter f=@+15°.
Yakup [6] concluded that changing the tilt angle 12
times in a year (monthly changing), the solar
radiation gain increases by 4.5% more than the case
of a horizontal stationary collector (=0). Also, his
studies show an increase of 3.9% of solar energy gain
when the tilt angle is changed four times a year
(seasonal optimum tilt angle).

Being stationary and producing concentration,
the CPC collects solar radiation for a more limited
time than flat plate collectors. This time depends on
its design (concentration ratio) and orientation. To
estimate the absorbed radiation it is necessary to
determine the instance at which acceptance of the
sun’s beam radiation begins and stops for the
considered collector [7].

This paper presents one comparison between
useful energy gains for CPC for different tilt angles.

There was considered the tilt angle when the
collector has the same position during the whole year
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and when the position of the collector is changed
twice for a year (in spring and in autumn). The
diffuse radiation and total radiation data values used
in this work were taken from ,,Instituto Nacional de
Meteorologia e Geofisica”, [8] for the city of Porto, in
Portugal. This city is located on latitude 41° N and
longitude 8° W [8], in northern Portugal.

2. Sun’s position

The azimuth angle (y,) and the zenith angle (6;)
are the angles which describe the sun’s position (Fig.

1) [9], [10].

b Zenith

w

AN

v

w

Fig. 1. Sun’s position

These two angles are defined by the equations
(1) and (2):

cosB =sindsin® +cosdcosdcosh =sinog (1)

sino, sin® —siné
S
CoSYys = 2
cosag cosD

In these equations, @ is the location latitude, o
is the declination given by equation (3) and # is the
hour angle determined by equation (4).
360(284 +d)

365

& =23.35sin 3)

where d is the day of year starting from the first
of January:
h =-15(12-hour) 4)

The position of the sun can be described by the
terrestrial horizon coordinate system, where axis V
represents the vertical direction, axis E points the east
and axis S points south (Figure 2). In this coordinate
system, the unit vector from the earth to the sun can
be expressed by [7], [11]:

SUN = (coscS ,cosﬁv ,cosnE) )
where:

cosc = -sindcos P + cosdsindcosh (6)
cos& = sindsin® + cosdcosDcosh @)
cosT = cosdsinh 8)
A
\
SUN
§
N <Y

o

Fig. 2. Angles for the Sun

3. Collection angle

The collection angle (6.) must be calculated and
compared to the acceptance half-angle 0, (Figure 3),
to determine when the CPC is receiving energy from
the sun. This angle 0, represents the angle between
sun’s position vector and normal to the collector
surface projected onto the transverse plane (Fig. 3).

Fig. 3. Representation of collection angle and
acceptance half angle

The position of a CPC collector is determined
by three angles, the tilt B, surface azimuth and
rotation ®. When all these angles are zero, the
collector is horizontal and oriented east-west.

The tilt angle B represents the tilt of surface
with respect to the horizontal. The azimuth angle y
shows the orientation in relation to the east-west
direction. Therefore, when the azimuth surface angle
v=0°, the collector is orientated east-west and when
vy=90°, it is orientated north-south.
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The rotation angle o is resulting from a rotation 4. Results and discussions
around an axis perpendicular to the collector surface.

The collecti le is given by [7]:
¢ collection angle is given by [7] Table 1 presents the collector tilt optimized for

0. = atan Se (9)  different concentration ratios, for the whole year. The
c maximum useful energy gain is for a concentration of
where: C=2 and a tilt of 15° less than the latitude of the
S = (cosmcosPcosy - sinmsiny)cosoc - location.

- (cosmsinf)cos + (cosmcosPsiny + sinw cosy) cosn The results are p re?sented n Table 2, wher§ we
can state that the optimal gain for summer is a

(10) concentration ratio of C=3 and a tilt of ® -21, but for

and: winter the optimal is for C=5 and ® +13.
V, = (sinBcosy)cosc + (cosf)cost + (sinBsiny)cosr an

Table 1. The optimum tilt angles for different concentration ratio,
when y=0 and w=0 for entire year

C p Q
(concentration ratio) (tilt angle) (useful energy gain)
[kWh/m’]
1 D-20 96.431
1.2 ®-19 95.042
1.5 d-18 97.898
1.7 d -20 98.556
2 ®-15 100.89
2.5 D -9 99.795
3 d-9 91.809
3.5 d-18 91.658
4 D-16 89.088
4.5 d -22 78.928
5 d -21 77.676

Table 2. The optimum tilt angles for different concentration ratio,
when y=0 and w=0 for summer and winter

C p Q p Q Q
(concentration (tilt (useful energy (tilt (useful energy (useful energy
ratio) angle) gain) angle) gain) gain)
[kWh/m?] [kWh/m?]

Summer Winter Year

1 ® -23 86.065 DO +2 11.91 97.975
1.2 ® -23 84.258 DO +2 12.668 96.926
1.5 ® -23 85.747 O +3 14.435 100.182
1.7 ® -23 87.035 O +4 15.686 102.721
2 D-23 89.248 D +5 17.419 106.667
2.5 d -25 91.248 O +4 19.771 111.019
3 D -21 92.923 D +8 21.376 114.299
35 D -18 91.658 ® +10 22.522 114.18
4 d-16 89.088 ® +13 23.396 112.484
4.5 D -22 78.928 d +15 24.089 103.017
5 D -21 77.676 D +13 24.2 101.876

In Fig. 4 is shown the energy gain when the  ratios for the whole year (0=0, y=0) compared to the
collector tilt is optimizing for different concentration  energy gain when the tilt angle is equal by latitude.
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——p=0

optimum B

Useful energy gain [kWh/m2]
wu
(e

1 15 2 25

3. 35 4 45 5

Concentration ratio

Fig. 4. Energy gain for the tilt equal by latitude and the optimum tilt

Another possibility for enhancing the useful
energy gain of the whole year is to change the
position (tilt) of the south facing collector twice a
year, one angle for the summer and another for the
winter.

—— 2 tilt angles

= = Energy gain [%]

We considered that the tilt angle in changed
seasonally twice a year, one time in April and the
second time in October. Fig. 5 shows the increase of
useful energy gain when the tilt angle is changed
twice for a year.

Fixed collector

Energy gain [%]

Useful energy[kWh/m2]

1 1.5 2 25
Concentration ratio

3 35 4 45 5

Fig. 5. The useful energy gain against concentration ratio and collector tilt angle
for fixed collectors and changing the tilt angle twice (summer and winter)

5. Conclusions

In this paper were analyzed the influence of the
tilt angle when the collector has the same position
during the whole year and when the tilt angle is
changed twice for a year (in spring and in autumn).

From this study the following conclusions can
be drawn:

1) When the collector tilt is optimizing for
different concentration ratios for the whole year (0=0,
v=0), the result was the same, with the maximum
useful energy gain being for a concentration of C=2
and a tilt of 15° less than the latitude of the location.

2) When the tilt angle is changed twice in a
year, the useful energy gain increases. The gain is
better for concentration ratio up to C=3 and it is more
than 23%.
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ABSTRACT

The steel production is one of the major sources of heavy metals emissions to
the environment. There are several possibilities for prevention and minimization of
these pollutants. Emission reduction measures focus on add-on technologies and
process modifications (including operating control). The prevention of the raw
materials use that may have an unacceptable environmental impact in steel
manufacture is important in achieving good environmental performance. A
preventive measure specified by steel making BAT is the lowering the zinc-content
of scraps. A way to make this possible is to treat these scraps before their charging
in the furnace (BOF or EAF). In this paper a method for removing zinc surface
layers of galvanized steel scraps is studied. The principle of separation is based on
the difference in vapor pressures and stabilities with the formation of zinc and iron
chlorides. A series of thermal experiments was carried out in an atmosphere of
gaseous HCI. As result of the treatment applied on galvanized steel samples, zinc
surface layers were removed and steel scraps remain unattacked.

KEYWORDS: zinc emission, steelmaking process, galvanized scrap cleaning,

chlorination
1. Introduction iron from the blast furnace in molten form are
converted to steel in a basic oxygen furnace (BOF).
In the conventional integrated steel Also the scraps form the metallic feedstock for

manufacturing process, the ferrous scraps along with  obtaining the steels in an electric arc furnace (EAF).

14

12 — . S

10

08 old cars

06

04

02 — X
o /. home scrap %
1988 1990 1992 1994 199 1998 2000 2002 2004 2006

Generation rate of zinc-coated scrap,
1.000.000 t

Year
Fig. 1. Development of the generation rate of scrap from zinc-coated steel in Germany
This feedstock for steel manufacturing use and obsolete scrap at the end of the products’
encompass a variety of different steel scraps and  lifetime. Many of obsolete scraps are contaminated

qualities derived from three categories: home scrap ~ with galvanized coatings. In accordance with
arising during steel making, process scrap from steel  continued development of the production of zinc-

- 10 -
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coated steel the quantity of obsolete scrap originating
from zinc-coated steel has registered a permanent
increasing in the past years, Figure 1 [1 - 3].

The coating weight of these protective layers

(Figure 2) varies from 40 g/m*/2-sides for
coating weight obtained on electrogalvanized steel
sheet to 610 g/m*/2-sides for coating weight deposed
by hot dip galvanized process [4].

Py, i 2 L
e ol 2 ol
*y B R
Pk R R
1 SR S it

"

T '-_,.._1-"{4-'.”. 'ﬂ."i._-:_.-'_

A A

TNl Wo=——Finc coating
i iy e

'-'_'-:-. '8, |:_ i

— Steal sheet

Fig. 2. Cross section of galvanizing coating at surface of the steel sheets

In terms of environmental the presence of zinc
in steel scraps is undesirable, because more important
part of this will eliminate as pollutant from steel
making processes.

Large amounts of galvanized steel are produced
world-wide, which will lead to the generation of
dusts/sludges with a relatively high Zn content when
the steel will become available as scrap in the
steelmaking process. Moreover dust emissions
contain higher levels of zinc and other heavy metals
contained in the zinc coating. As result the steel
production is a major source of zinc emissions. When
galvanized scrap is melted in a steelmaking furnace,
the zinc is volatizes and emitted as Zn oxide mainly
airborne in the flue gas. At most BOF zinc is mainly
emitted from the converter in the first few minutes of
oxygen blowing.

All zinc emitted is transferred to air emissions
from steel manufacturing using the BOF may include
PM (ranging from less than 15 kg/t to 30 kg/t of
steel). The stricter regulations about environmentally
protection require flue gas treatment. Several methods
(dry or/and wet) already used to clean up the
environment from this kind of contaminant [5]. Most
of them are costly.

The costs of the recycling technologies for the
resulting zinc-laden dust and sludge by-products are
also significant. Increased levels of zinc in the BOF
dust make its usual recycling route via the sinter
plant/blast furnace problematic because of the
harmful effects of zinc in the blast furnace. By other
hand at cleaning methods application is difficult to
get optimum results. Thus its emission to air remains
significant: as particulate matter and also as fumes
produced for example during charging, tapping and
casting. Zinc emission to water from wet dedusting
process must be considered. Wastewaters generated

from steel manufacturing using the BOF include 14
mg/L zinc. This BOF scrubber discharge water
usually requires treatment to lower its zinc content.
As a consequence of the major problems associated of
this pollutant and its persistence in contaminated soil
when it is finally deposed (contamination of soil
appears to be virtually permanent because the first
half-life of zinc, for soils in lysimetric conditions,
varies greatly between 70 to 510 years [6]), the zinc
emissions must be perpetually monitored. For BOFs
integrated into iron and steel manufacturing plants,
specific emission value for zinc is 8.2 g/t liquid steel.
The target of zinc emission level per metric ton of
product is 3 g. Also maximum value for zinc
emission into effluents from iron and steel
manufacturing plants must be 2 milligrams per liter.
According to recommendations PARCOM-ATMOS,
the zinc emission level in the dust emitted at melting
for EAF process is in the range 20-90 g/t [7]. BATs
on the Production of Iron and Steel Associated
Emission levels recommend the following values for
zinc [8]:

e BAT Associated Emission Levels for
Emissions to Air
3
- Emission Level of zinc =5 - 10 mg/m
e BAT Associated Emission Limits for

Discharges to Water

- Emission Level of zinc =
otherwise stated.

To prevent and minimize the presence of zinc
and other heavy metals from the surface of the
protected steel scraps, must to implement the
operating practices e.g. to remove zinc-bearing
components prior to recycling in secondary steel
facilities.

The lowering of the zinc-content of scrap is
distinguished as  process-integrated = measure

0.5 mg/L unless

-1 -
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recommended among the techniques considered in the
determination of BAT for the steel industry.
Techniques to consider in the determination of BAT
In the literature there are several methods described to
remove coatings from the surface of scrap that are
efficient to zinc recycling. These can be divided into
two main principles: leaching and thermal treatment.
Research regarding leaching based on acid solutions
(HCl, H2S0O4) and basic solutions (NaOH) are
covered in the literature [9]. In 1987, Argonne and its
industrial partner, Metal Recovery Industries, U.S.,
Inc., sought to develop a new technology for
converting galvanized scrap to clean scrap for steel
making. The zinc is dissolved in a hot-water solution
(70 to 90 °C) of about 20 to 32 % sodium hydroxide
[10]. The metal chlorides formed by gaseous HCI
released by the pyrolysis of PVC to remove surface
layers from plated materials were proposed [2, 11-14]
have been concentrated on the possibility to vaporize
coatings with an air and chlorine gas mixture.
Chlorination method was studied for recycling
galvanized steel scrap. In this paper a method for
removing zinc surface layer from the surface of the
galvanized steel scraps is studied. The principle of
separation is based on the difference in vapor
pressures and stabilities with the formation of zinc
and iron chlorides. A series of thermal experiments
was carried out in an atmosphere of gaseous HCI.

As result of the treatment applied on galvanized

Galranized steel samples

Furnace transformator

steel samples, zinc surface layer was removed and
steel scrap was remaining unattached. The economic
removal and recovery of the zinc coating from scrap
prior to melting would provide a number of cost and
especially environmental advantages. The recovery of
the zinc from the chemical solution is easily. Air and
chlorine are readily available, and volatile chlorides
are easy to separate

2. Experimental and materials

Experiments were carried out in a precinct
which was placed in a chamber furnace, Figure 3.
Air with gaseous HCl was mixed to obtain an
atmosphere that was constantly maintained and
utilized for obtaining an acceptable rate of removal.
In accordance with literature an O,:Cl, molar ratio of
10:1 isused [13, 15].

The literature specified that in these conditions
the metal losses are acceptable and the chlorine is
selectively reacting with the zinc.

Heat treatments were conducted at variable
temperatures from 570 to 860°C to establish the
optimum thermal regime. Each sample was
maintained then minutes to a constant temperature
preheating and then it was slowly cooled in the air.

For the zinc-plated steel samples the electrolytic
galvanized sheet scraps from car body were used.

Chamber furnace

Precinct

Crucible

Fig. 3. Experimental installation for the galvanized steel scraps treatment
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3. Results and discussions

its evaporating in this gas phase. The optimum
Each test used hydrochloric acid as the chlorine ~ process parameters were established by analyzing the
source. The removal of the zinc coating is based on vapors pressures of chlorides of metals (Figure 4).
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Fig. 4. Vapors pressures of chlorides for some relevant metals [16]
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Fig. 5. Standard free energies of formation for metal chlorides [16]
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Also has been taken into account the standard
free energies of the metals chlorides formation as
functions of the temperature (Figure 5). The possible

reactions together with their respective standard free
energy changes (AG") are given in the following
equations (Table 1).

Table 1. Standard free energy changes, AG’ [18]

Reactions AG’, kJ/mol (at 800 °C)
Zn(l) + Cly(g) — ZnCly(g) -272.430
Zn(l) +1/2 Ox(g) —» ZnO - 240.160
ZnO + Cly(g) — ZnCly(g) + 1/2 Ox(g) -32.270
Fe + 1/2 Oy(g) — FeO -202.347
3 FeO +1/2 Oy(g) — Fe;04 -163.111
2 Fe;0411/2 Oy(g) — 3 Fe 05 - 86.371
Fe;041 9/2 Cly(g) — 3 FeCls(g) +2 Oyx(g) +73.550
Fe 05+ 3 Cly(g) — 2 FeCl;(g) + 3/2 Ox(g) +77.831

The zinc removal is greatly dependent on the
gas composition and temperature.

The thermodynamically data show that under
reducing conditions only volatile =zinc is
thermodynamically  stable, = whereas  under
oxidizing conditions solid ZnO and volatile ZnCl,
are present in about equivalent amounts. Up to a
temperature of about 1900 0C, ZnCl, is more stable

6 .
4+
2 : FeCl,
— OF
g af
o n
g, j i FeCl, Fe,0,
_;g i Fe,0,
12 Fe FeO
-14 | 1 | 1 |
25 20 -15 -10 5 0 5
log pO,(g)
a

than FeCl,. Moreover ZnCl, is more volatile than
FeClz.

Up to temperatures of about 670 °C, the vapors
pressure of FeCl, is almost zero. Formation of FeCl,
will be suppressed as long as metallic zinc is present.
The phase stability diagram (Figure 6) shows that
with an O,:Cl, ratio of 10:1, zinc exists as ZnCl, and
iron as hematite, Fe,O3 [15].

ZnCl,

Zn0
Zn

-20 I | 1 ] I
=30 -6 -20 15 10 5 0 5

log pO,(g)
b

Fig. 6. Phase stability diagrams for the systems Fe-0,-Cl; (a) and Zn-O-Cl, (b) [13]

During chlorination at the varied heating
temperatures, the appearance of the galvanized steel
samples is modified. Their aspects are dependent
which on the gas composition also. Theirs
comparable evolution is given in Figure 7.

A lower temperature the zinc removal rate is
significantly reduced.

The high zinc removal efficiency as result of
fast reaction was developed at high temperature (up to
700°C): at 570°C, small areas of the unconsumed

zinc coating (grey areas) and zinc free-zone
composed by the ferric oxide (red areas) are present
(Figure 7b); ferric oxide is greatly extended of the all
area (homogeneous red areas) at 680°C and small
oxide areas are detached from the surface sample
(Figure 7c); at 790°C and decreasing of the
chlorination conditions ferric oxide areas (red color)
alternate with ferroferric oxide areas (black color)
appear (Figure 7d); at 860°C, Fe,O; are
predominantly (Figure 7¢).
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c. d. e.

Fig. 7. Aspect of samples after chlorination at different heating temperatures: initial steel sample
before its heating (a); 570 °C (b); 680°C (c); 790 °C (d); 860 °C (e)

The microstructural analyses of selected  atmosphere, Figures 8 - 10. The selected samples
samples reveal the removal of zinc coating at  were those from 570, 680 and 860 °C.
preheating of steel samples into chlorine

a

Fig. 8. Surface of the zinc coated steel scrap after treatment
(temperature 570 "C) (a) and microstructure of the sample (500x) (b)

a b

Fig. 9. Surface of the zinc coated steel scrap after treatment (temperature 680 °C) (a) and
microstructure of the sample (500x) (b)
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a

b

Fig. 10. Surface of the zinc coated steel scrap after treatment (temperature 860 °C) (a) and
microstructure of the sample (500x) (b)

For the treatment at temperature up to 800 °C,
the structural analyze put in evidence a strongly
oxidized zone with intergrains attack (about 5 -6 pm
depth). The steel is corroded and the iron oxides
Fe,O; and Fe;0,4 are formed (thickness of this layer
is about 12 - 13 pm). In this case the quality of the
steel scrap is affected by oxidizing process of iron.

4. Conclusions

The removal of the zinc as contaminant from
steel scrap leads to upgrading the steel scrap quality.
The quantity of the Zn-containing dust and arising in
the flue gas produced at steel making process is
reduced. That led to diminishing of the cost for the
dedusting operation and to lower zinc emission to air.
Also the zinc emission from waste water released
from wet dedusting installation.

Chlorine has been shown to be an effective
reagent to remove zinc as ZnCl,. As result of the
treatment applied on galvanized steel samples, zinc
surface layers were removed and steel scraps remain
unattacked. The zinc removal has been as high as
99% at preheating temperatures ~ 700 °C. Over this
temperature, the quality of the steel scrap is
negatively influenced. The higher temperature and the
increasing of the O,:Cl, ratios are favorable for
developing the interaction between iron and oxygen.
The formation of the scale is passed in the depth of
the heated steel. Must be specified that one grade of
galvanized steel were used in all experimental tests.
For industrial conditions the chlorination process
must be adapted to different steel qualities with
variable compositional layers.

In the industrial steel making plants, the energy
contained in the flue gas emitted from furnaces (BOF
or EAF) can be valorized. By this way the energy
consumption is reduced.

The conditions for dioxins forming must be
taken in account. The selection of the steel scrap must
be accurately carried. The advanced eliminating of
other contaminants that are mixed with the metallic

feedstock is necessary. At steel scrap preheating the
presence of certain metals is favorable for the dioxins
formation (by ,,novo synthesis process”). Copper,
iron, zinc, aluminum, chromium, and manganese are
known to catalyze PCDD/PCDF formation [18].

The formation of the chlorides involves an
important risk associated to corrosion of the process
equipment. For this reason these must be collected
and decomposited for chlorine recovery.
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ABSTRACT

Copper plating was performed on nickel substrate by means of the
potentiostatic electrodeposition method from a sulphate electrolyte solution. The
copper coatings morphology was studied by means of the optical and electronic
scanning microscopy techniques. The uniform electrodeposited films have a thickness
of about 15 um measured in cross-section. The corrosion behaviours of nickel
substrate and copper films in different corrosive environments were studied. The
corrosion study was performed by means of the linear polarisation method in four
acid environments: 0.5 M H,SO, HCIl, HNO; and glacial CH;COOH. From the
recorded Tafel curves it was possible to obtain some information about the corrosion
rate and the polarization resistance. In order to confirm these results, the
gravimetric parameter was calculated by means of the “mass loss” method. By
means of the X-ray diffraction analysis, the crystallographic structure of the
specimens before and after corrosion was revealed. By means of the
spectrophotometer device, the optical properties of the specimens were analysed.

KEYWORDS: electrodeposition, copper plating, corrosion, nickel substrate

1. Introduction

In recent years, copper has replaced aluminum as a
metal for interconnects in electronic industry. Copper
thin films are also used in the multilayer sandwiches
of GMR hard disk read heads.

Among various methods of copper thin film
deposition onto substrates, such as PVD, CVD, and
sputtering, the electrochemical methods (electrolytic)
have proven to be the least expensive, highly
productive and readily adoptable [1].

Copper electrodeposition mechanisms have been
studied in two chemical systems: the acidic without
complexation [1] and the basic one, requiring the
presence of buffering [2-4] and complexing reagents.

For obtaining the copper from the negative
electrode some processes can be related, such as:
precipitation, extraction, or electrodeposition [5,6].
One of these is the electrochemical process where
electrodeposition baths are made, with or without the

addition of complexing additives to increase
efficiency.

An important characteristic of  these
electrodeposits is the morphology, where the

electrodeposit growth can be related to the nucleation
process (in two or three dimensions).

Searson et al. [7] studied the morphology and
kinetics for copper nucleation during the
electrodeposition in strongly acid media (pH~1.0)
without additives. They observed that copper
electrodeposition occurs at potentials over -0.04 V and
consists of the direct reduction of Cu®" ions to metallic
copper. They also observed that the current increases
at slower rates related to the decrease in the quantity
of ions from the bulk to the interface, showing a
diffusion reaction-controlled process. For more
negative potentials, the growth of nuclei was
controlled by diffusion.

Zangari et al. [8] observed that, at pH of 2.5, the
copper morphology shows a dendritic form and then
forms clusters in the electrodeposit.

Pesic and Grujicic [4] correlated the nucleation
process of copper electrodeposition and morphology
and observed that at pH values over 3 the nucleation
process was progressive (threedimensional growth)
and, below this value, the model tended to an
instantaneous nucleation, related to a bi-dimensional
growth.
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Pasquale et al. [9] studied the morphology of
copper electrodeposits. They observed that the bath
composition (preferably pH values) has a significant
influence on the copper morphology, with well-
formed grains and nuclei being formed in acid media.

Otherwise, at higher pH values, Gabrielli et al.
[10] observed that copper electrodeposition formed
small dendrites related to a copper metallic layer and
another oxide layer, normally Cu,O.

Nikolitic et al. [11] observed that the hydrogen co-
deposition with metallic copper was related to a three-
dimensional growth due to the porous morphology
[12].

The aim of this investigation was to obtain copper
films onto nickel substrate by means of the
potentiostatic electrochemical deposition method.
Also, the corrosion behaviour of these deposits in acid
environments (0.5 M H,SO,, HCI, HNOj; and glacial
CH;COOH) was studied. Nickel surface was copper
coated to evaluate the properties of the un-coated and
coated surface during the corrosion process. These
properties refer to the microstructural feature analysed
by the optical and scanning electron microscopy
(SEM), energy dispersive X-ray (EDX), as well as by
X-ray diffraction (XRD) techniques where the
corrosion resistance enhanced. The increased
corrosion resistance results in improved protective
coating performance that can be used as a hard surface
on softer substrates.

2. Materials and methods

2.1. Materials
The copper chemical powder was purchased from
commercial sources and has the highest purity
available.  The copper films have been
electrodeposited onto nickel substrate from sulphate
electrolyte solution having the composition presented
in Table 1 [4,14].

Table 1. Copper plating bath composition and
working conditions (no magnetic stirring)

CuSO4x5H,0 0.8 M
H,SO, 0.55M
HCI 3.26x10° M
pH 1.7
T 50°C
Acid 05M HzSO4, HC],
environments HNO;, CH;COOH

Before the electrochemical study, the samples
were mechanically polished with fine grit SiC paper.
Afterwards, the polished substrates were carefully
chemically degreased with acetone and alcohol, etched
with 1:10 HNO;:H,O, rinsed with distilled water and
then, dried in air before their immersion in the
electrolyte.

2.2. Methods and instruments

A standard three electrode system (electrochemical
cell from Pyrex glass) with a cell (Fig. 1) volume of
100 mL was used to perform the electrochemical
investigations at 50°C temperature. Temperature was
controlled with a thermostat (model VEB MLW
Prufgerate-Werk Medingen/Sitz Freital). An Ag/AgCl
saturated electrode (SCE) served as the reference
electrode (RE), and the counter electrode (CE) was a
platinum sheet. A plate-shaped working electrode,
WE, was made of nickel. The WE electroactive area
was 2.5 ecm’. The electrolyte pH was recorded by
means of Consort C931 equipment. Also, before and
after deposition, the samples weight was measured
using an electronic balance (model ESJ200-4).

The coatings preparation and corrosion behaviour
were carried out potentiostatically with a
potentiostat/galvanostat VoltaLabl0 interfaced with
VoltaMaster4 software for data acquisition and
analysis [15].

Fig. 1. The experimental setup

Potentiodynamic polarisation curves of the
deposited films were measured from -500mV toward
the anodic direction of 500mV, with a scan rate of
50mV/s. The corrosion behaviour of deposited films

has been observed by introducing them in different
corrosive environments: 0.5 M H,SO,, HCl, HNO;
and glacial CH;COOH. The same electrodes presented
above were used in this case. The exposure corrosion
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time was one hour. The linear polarisation (Tafel
curves) was used as method to study the corrosion
behaviour. The corrosion rate is automatically
calculated by specialized computer software using the
Randles-Sevcik equation (1). Before and after each
experiment the samples weight was measured by
means of analytical balance. The mass losses (4m,,,)
and penetration index (p) values are shown in Table 2.

2.3. Morphology and structural

characterization of metallic samples

The surface morphological features of the
metallic specimens were examined by means of SEM
measurements. Also, the chemical composition was
achieved by means of EDX measurements. The
micrographs and chemical compositions were
registered using Quanta 200 Philips FEI Company
device.

The crystallographic characteristics of the
samples were analysed through the XRD using
DRON-3M diffractometer. The XRD spectra were
recorded at room temperature, X-ray diffractometer

using the CoK, radiation (A = 1.79A) in 20
configuration ranged between 30 and 70°, at 40 kV
tension and 30 mA current intensity with a scanning
speed of 0.02° min™' and acquisition time of 1 s/step.

By means of the interaction between a
polychromatic beam and a copper film coated its
behaviour was examined by reflectance measurements
recorded by means of Perkin Elmer (type Lambda) 35
UV-VIS Spectrophotometer with double beam in the
spectral range of 190+1100 nm.

3. Results and discussion

The appearance of nickel and copper coatings is
analysed by means of the optical microscope at 500x
magnification (Fig. 2). Obviously, a colour difference
between two optical images of nickel substrate and
copper coating can be seen. The polishing traces from
nickel substrate with a grey colour (Fig. 2a) are
compared to the reddish colour and spots from copper
the deposit (Fig. 2b).

The copper crystalline grains can be observed.

Fig. 2. The optical microstructure of a) nickel substrate and b) copper film before
the corrosion test (500%)

The above images are confirmed by the SEM
micrographs (Fig. 3). Fig. 3a corresponds to the nickel
substrate with the polishing direction traces, after the
pre-treatment procedure. The chemical composition
(Ni — 87wt %) of the substrate is confirmed by EDX
analysis (Fig. 3d). The copper film shows the

A A

; § f

tetrahedral crystalline grains (Fig. 3b). The grain size
is relatively faint and shows an excellent uniformity .
The EDX spectrum (Fig. 3e) shows the chemical
composition of copper film deposited (Cu — 80wt %).
Also, the thickness film was measured in cross section
and it is around 25pm (Fig. 3c).
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Fig. 3. Surface morphology of: a) nickel substrate; b) copper film; c) cross-sectioned copper coating
obtained from a sulphate electrolyte (from top-down) at 50°C; d) EDX spectrum of nickel substrate
and e) copper film

The corrosion rates (Table 2) were achieved by
means of the “mass loss method” [17,18], in static
regime at room temperature and calculated based on
equation (1):

v - Am (1)

wr =g

where: V., = gravimetric index [g/mzs]; Am =
weight loss (before and after the corrosion test) by
corrosion [g]; S = corroded surface area [m’]; 7 =
corrosion time [s].

Table 2. Corrosion behaviour of copper coatings onto
nickel substrates immersed in acid solutions

g Am v p Resistance Estimate
Sample corr corr group note
Gm | (gen'h) | (mmy)

1. with film 0.0516 - - - -

2. with film in H,SO, -0.0024 0.096 0.094 Very stable 2-3
3. with film in HCI 25 -0.0007 0.016 0.016 Very stable 2
4. with film in HNO; -0.002 0.047 0.046 Very stable 2
5. with film in CH;COOH 0 0 0 Perfect stable 1

The average depth of the composite corrosive
destruction is calculated using the formula (2):

p =L 876 @)
P

where: p = penetration index [mm/yl; Vi, =
gravimetric index [g/m’s]; p = composite film density
[g/cm’]. The results are presented in Table 2.

The copper growth is also affected by immersion
in 0.5 M H,SO, environment (Fig. 4a) which change
the surface morphology and texture. Regarding the
values in Table 2, this environment is the most
aggressive environment having the highest corrosion
rate. Also, the higher weight difference shows that a
great number of copper ions were reduced from the
surface during the electrochemical corrosion. The
surface is coated with a uniform oxide layer on the
copper film. The copper surface has a lower instability
in contact with H,SO, environment and the corrosion
process is continuous. Also, this fact is confirmed by
the EDX analysis (Fig. 4b). The sample insertion into
a chloride solution (Fig. 4c) affects both the structure
and morphology: the epitaxial growth on the nickel

seed is favoured giving [111] and [200] textured
layers; the grain size is slightly reduced and more
uniform, with increased tendency to faceting and
formation of triangular based pyramids, related to
[111] texture, also with truncated apex, indicative of
weak interfacial inhibition. The chloride oxide
compounds on the surface were observed (Fig. 4d).

A few corrosion microelements on the copper
film were observed when the sample was
electrochemical by tested into the HNO; environment
(Fig. 4e) [19]. The surface is instable inside the HNOj;
atmosphere. Due to the iron ions (Fig. 4f) content
from the substrate, the aggressive action of this
environment could be explained.

The copper deposition immersed into the glacial
CH;COOH environment presented a high surface
stability having zero value for Am, V., and p
parameters (Table 2) and being perfectly stable as a
resistance group. The XRD technique has been used to
identify the structure of copper thin films onto nickel
substrates in two corrosion environments (0.5M
H,SO, and CH;COOH) (Fig. 5).
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The electrodeposition from sulphate bath on
nickel substrate (with (111) and (200) specific
crystallographic planes) gives copper layers two
crystallographic orientations. The copper thin films
are crystalline. The growth features are not well
defined, apart from scattered square base pyramidal

grains (Fig. 4c). Compared to the database from the
Reference Pattern the free energy of the surface-
support-solution system allows the preferential growth
of copper crystallites after the [111] and [200]
crystallographic direction was observed.

Elumont W% At%

m 4m 00 Ll .00

Element Wik  Arx

CE 10,54 36,33 Cn
aF, 2.06 5.33
PE. 0.41 0.54
C1E 2.22 2.59

Cuf 84,77 55.21

im 4o (1] L1 1]

=

:

Element WX  Atd

'3 7.24 28.66
OF, 0.25 0.
erl 11.98 10.95
FE 0.30 0.47
SR 0.43 0.54

Fell 0.72 0.81
Hik 0.98 0.79 Cu
Cuk 75.41 56.43
WL 2.89 0.89

Cr
0 5
< i Fe Ni @w
im 410

Fig. 4. SEM images and EDX spectra of copper coating corroded surfaces in: a-b) H,SO,; c-d) HCI;
e-f) HNO; and g-h) CH;COOH
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The XRD analysis shows the peaks
corresponding to [111] and [200] characteristic
directions of an fcc structure for electrodeposited
copper, according to the Joint Committee on
Powder Diffraction Standards (JCPDS) [18].
Direction [002] is related to the Cu,O structure [19].

The corrosion exposure to acid environment
highlights the diffraction lines of oxide compounds
(Cu0, Cuy0) formed during the experiment (Fig. 5).
Therefore, the crystalline network is rearranged; the
internal stresses are reduced by testing the sample in
acid conditions [17]. Also, the intensity peaks of
copper decrease during the testing. The oxides
operated like a protective layer against the
aggressive environmental factor. This fact is
confirmed by microscopical analyses.

2000

Cu (200)

1500

1000

Intensity / a.u.

500

2theta / degrees (Co Ka)

Fig. 5. XRD patterns of a) copper coating and
copper coating subjected to b) H,SO, and c)
CH;COOH environments

Fig. 5 shows a higher background radiation for
the corroded copper versus the copper. A presence
of numerous point defects can be seen onto the
corroded surfaces in comparison with the copper
sample. The crystallographic defects can be the
vacancies, interstitials or replaced atoms of the
crystal lattice. In other words, the copper samples
are crystalline materials but they are not perfect, the
regular pattern of atomic arrangement is interrupted
by crystallographic defects [18].

Fig. 6 is shown the polarization curves in the
case of copper films immersed in all acid solution
studied in this paper.

For CH;COOH environment the i, has the
lower value while the R, is high and the solution
seems to have an inert activity. More corrosion
resistance could be the CH;COOH solution. Then,
increasing the corrosive activity of acid
environment (H,SOy), i, and V., increase and the
R, is drastically decreased. This fact can be due to
the impurities inclusion which exists into a metallic
matrix.

H2S04
HCI
NHO3

— CH3COOH

logi

E/mV vs. Hg/Hg,Cl,

Fig. 6. Polarisation curves (50 mV/s) of copper
deposition at 25°C in various acid environments

The HCI environment less corroded the surface and
this fact means that the copper surface is quickly
passivated. Thereby, these material surfaces could be
classified in a very and perfectly stable resistance group
due to the linear shape of the cathodic and anodic
branches.
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Fig. 7. UV-VIS-IR spectra of nickel substrate,
copper film and copper subjected to acid
environments

The curve in Fig. 7 corresponding to nickel
indicates the formation of an inverse peak more
evidently than those in the case of copper. This fact
means that a minimum value of reflectance (R = 2;
4.5%) appears at a maximum value of absorbance [20].

Increasing the wavelength increases the nickel
surface capacity to reflect the light. The energy which is
not adsorbed is reflected, being measured by means of
the spectrometer. The amount of energy adsorbed can be
easily determined by inspecting dips in the reflectance
spectrum. Thereby, the nickel surface (linear shape of
spectrum) is highly reflective in VIS region. For a thin
and uniform copper layer appearance a linear shape
curve was achieved having a good capacity to reflect the
light. All copper deposition tested in the acid solution
are good adsorber materials in VIS region due to the
microelements presence on the surface.
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4. Conclusions

v" The corrosion behaviour of copper deposits
immersed in acid environments was investigated
using the linear polarization method.

v' The electrochemical parameters were
calculated by means of the gravimetric method and
linear polarisation method.

v' The free energy of the surface-support-
solution system allows the preferential growth of
copper crystallites after the [111] and [200]
crystallographic direction was observed. Thereby,
the copper thin films are crystalline.

v" The corroded films are uniform and compact
and have a crystalline structure. The oxides operated
like a protective layer against the aggressive
environmental factor. This fact is confirmed by
microscopical analyses.

v" These material surfaces could be classified in
very and perfect stable like as resistance group due
to the linear shape of the cathodic and anodic
branches. The H,SO, environment has the highest
corrosion rate value. The HCI environment less
corroded the surface and this fact means that the
copper surface is passivated quickly. More
corrosion resistant could be the CH;COOH solution.

v" Thin and uniform copper layer appearance
has a good capacity to reflect the light. The copper
deposits tested in the acid solutions are opaque
materials in VIS region due to the microelements
from the surface.
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ABSTRACT

In this paper is studied the influence of the material and heat treatment on the
changes of the fine structure parameters of the superficial layer of triboelements
during the first cycles of rolling contact process. The tests were conducted by using
a four-roller testing machine. The specimens (rollers) were made of case-hardening,
through hardening and high frequency hardening steels. In order to induce different
stress distributions in the superficial layer of the specimen specific treatments were
applied. Using X-ray diffractometry can be appreciated that the durability of rolling
tribosystems can be determined by an optimal relationship between studied
parameters. The observed correlation can be used as a fast method to estimate

fatigue life of rolling bearings materials.

KEYWORDS: fine structure, steel, X-ray diffractometry, contact fatigue

1. Introduction

Generally, in the rolling tribosystems the
durability is conditioned by the stress state and
structure of the superficial layer. According to [1] for
certain values of the Hertzian stress (c>3.5GPa) the
most important changes in the behaviour of the
material occur during the first testing cycles (N<10).

S C S ) C

+ 1

A | +my

Residual stresses appear during this period. These
stresses are added to the stresses due to the previous
technological process. Such cases occur during
thermal or thermochemical treatments performed in
order to obtain a hard superficial layer.

The distribution of the thermal and structural
stresses in the superficial layer of the material is
presented in the figure 1 (S-surface, C-core) [2].

ATl +

ek

a b

i | -

c

Fig. 1. Distribution of the stresses in the superficial layer: a-thermal stress; b-structural stress;
c-resultant stress.

It is worth to mention that the total stress in the
superficial layer can be either compressive (-) or
tensile (+) stresses. It depends on the relation between
those two types of stresses.

In this paper is proposed a fast tribologial
characterisation of some steels when they are

subjected to rolling contact fatigues processes.
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2. Experimental procedure

2.1. Materials
The specimens (cylindrical rollers) used in this
study were machined from three different materials
that are used in rolling bearing manufacturing
(21MoMnNCr12Xs steel, 41MoCrl11 steel and RUL 1

steel). The loading rollers were manufactured from
21MoMnCr12XS steel. The materials and the
treatments applied to induce different stress
distribution in the superficial layer are presented in
Table 1.

Table 2 shows the chemical composition of the
materials used in this study.

Table 1. Materials and applied treatments

Materials Treatment Hardness, HRC
21MoMnCr12XS C+H+LT 6243
41MoCrl11 FH+LT 5442
RUL 1 H+LT 62+2
21MoMnCr12XS C+H+LT 6242
C-carburizing; H-hardening; LT-low tempering; FH-high frequency hardening

Table 2. Chemical composition of the materials

Materials Elements, %
C Mo Mn Cr Si Ni max S max P max
21MoMnCr12Xs %.lzi_ %é%’ 01'.82%_ 11'21%' %277 - 0.035 0.035
41MoCr11 92 oo s S I SO I o i 0.025 | 0.025
RUL 1 Voo ge | 9B L) 0T 030 | o002 | 0027

2.2. Experimental test setup
In order to carry out the test a pitting testing
machine having four pressing rollers has been used
[3]
The contact Hertzian stress was of 4 GPa. The
tests were performed by loading from 0 to 12 cycles,
in steps of 2 cycles. The schematic representation of

230

&

the test machine is presented in figure 2.The fine
structural changes [4-6] in the superficial layer of the
tested materials have been estimate during testing
cycles.

These structural changes were obtained by X-
ray diffraction method, using a DRON-3 equipment
(u=40kV, 1=20mA, 1=0.70926 A) [4].

Fig. 2. Schematic representation of test setup:
1-specimen roller; 2-loading (pressing) roller.
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3. Experimental results and discussion

3.1. Evolution of the fine structural

changes
The fine structure of ferrite phase in tested steel

specimens was determined by the X-ray diffraction

method. The distribution of By size vs. number of
cycles is presented in figure 3. Buig is inversely

w2 1MoMnNCr12XS
===41MoCrll
f RUL1

7 T T T

proportional to dimension of mosaic blocks within
ferrite phase.

The evolution of the mosaic blocks for the
tested steel samples is the same.

The decreasing of dimension of the mosaic
blocks is due to fragmentation of the crystalline
lattice under loading. The RUL 1 steel specimens
present smaller mosaic blocks. This shows that RUL
1 steel has a superior strength.

0] 2 4 6

3 10 12

Number of cycles

Fig. 3. Distribution of B11¢) size vs. number of cycles

The distribution of Bgg size vs. number of
cycles is presented in figure 4. B(yq is directly
proportional to inner second order stresses.

The carburizing and through hardening steels
have a similar behaviour from the point of view of the
inner second order stresses and show a higher

stability. The high frequency hardening steel presents
important changes when the number of testing cycles
increases.

These changes can be explained taking in
account the presence of a meta-stabile tension state
induced by the initial thermal treatment.

20 -
i ) ] NOMNCr12XS

18 - ==f==41MoCrll
_ RUL1
=16 4
= X
B
A
m\./

8 T T T T T 1

0 2 4 6 &
Number of cycles

10 12

Fig. 4. Distribution of B Size versus testing cycles

The distribution of (lpkg/lmax)220 ration vs.
number of cycles is presented in figure 5. This
parameter is directly proportional with dislocation
density level. The evolution of density level in the
ferrite phase during testing process is the same for the
all tested steels. As the number of testing cycles
increases the level of density dislocation shows a
common value. This confirms that the superficial
layer presents an energetically stabilised state.

The distribution of 2(A0),0 Vvs. number of
cycles is presented in figure 6. This is directly
proportional with first order tension. For the RUL 1
steel there is an initial tensile state that varies relative
less than high frequency hardening and carburizing
steels.

These different stress states in the superficial
layer of tested steels have a favourable influence on
their durability.

- 27 -



THE ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI.
FASCICLE IX. METALLURGY AND MATERIALS SCIENCE
NC. 1-2012, ISSN 1453 — 083X

1.2 4
i 21MoMNCr12XS
1 4 ) e 41 MoOCr11

= % RUL1
208 - _ §
i e N
S r
206 [
=
=2

0.4 -

02 T T T T T 1

0 2 4 6 8 10 12

Number of cycles

Fig. 5. Distribution of (Ipg/Imax)220 ratio versus testing cycles

0.15
0.1 A

0.05 +
2 1 MoMnNCr12XS

0 T T T AIL |
—=—41MoCr11 NG
RULL '

26,

o

oo

S
| )

0 2 4 6 & 10 12
Number of cycles

Fig. 6. Distribution of 2(46),, versus testing cycles

100 . Ly,
g g Material 10° cycles
=0 | 41MoCrl1 21MoMnCr12XS 2.55
| 41MoCr11 1.24
w | RUL 1 3.47
15
40

o 35

= % RUL 1

g

5

= 20

[
15
10 |

21MoMnCr12XS

6
g
B S S T 50

Durability, 106 cycles

Fig. 7. Estimation of Lyo durability for the tested materials
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3.2. Fatigue tests

Contact fatigue experimental tests were made
by using the four-roller testing machine (figure 2). To
detect and record the rolling contact microcracks
without destroying the steel, a special type of non-
symmetrical ring was used for the specimens [6].

For each material were tested 10 specimens. All
tests were conduced at ambient temperature, in a
laboratory environment, with a Hertzian pressure of

1520 MPa and at specimen rolling speed of 4000 rpm.

The Hertzian pressure was calculated neglecting the
end effect. The lubricant was mineral oil T80EP2
recirculated at the temperature of 52 °C.

The fatigue life for each observed specimen was
recorded. Figure 7 shows the fatigue life data was
used to estimate Lo of Weibull distribution (figure 7).

5. Conclusions

The main conclusion of this research can be
drawn as follows:

- from the structural point of view the response
of the tested steels is relative identically during the
first loading cycles, but RUI 1 steel showed a superior
durability;

- the evolution of the inner second order
tensions shows a superior behaviour for RUL 1 and
carburised steels;

- the Hertzian rolling contact loading leads to

the same level of dislocation density in the superficial
layer for all tested steels. A superficial energetic
equilibrium occurred and in corrosive environments
the steels will have the same behaviour.

- the initial first order stress state does not
change the sign during testing process.

- the structural and stress states changed in the
superficial layer in the first 12 loading cycles.

These were concluded based on the X-ray
diffraction method. It allows to state that the
durability of the rolling tribosystem is conditioned by
an optimal relationship between studied parameters.
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ABSTRACT

This paper summarizes the surface engineering technologies having a
substantial contribution to increasing operational performance of the parts as well
as current trends in the implementation of surface processing technologies that
imply technical benefits and minimum negative impact on the environment The
experimental results illustrate the influence of during superficial thermic treatment
by high frequency current heating and thermo chemical treatment (ionic nitrating)
on the structural and physic - mechanical characteristics of heat treatable steel
pieces. Also experimental results allowed conclusions on optimal regimes of surface
processing and comparative analysis of properties obtained through different

methods of processing.

KEYWORDS: surface, high frequency current heating, steel, mechanical

characteristics, ionic nitriding

1. Introduction

For a more efficient recovery of materials and to
achieve functional parameters and sustainability in
service products, a judicious analysis of functional
conditions highlight/most accurate quantification of
the natureand intensity of demands is now a condition
essential in the design of parts. Correlation of surface
functionality of parts (provided by appropriate choice
of method to ensure properties) with requests from its

operation in a defined environment is a key factor in
surface engineering[1].

Superficial heat treatments are procedures that
can contribute to achieving success and improving the
surface properties, the base material (core or
substrate) does not hold.

These properties are obtained by structural or
chemical structural modifications (thermo chemical
treatments) in the superficial layer of the work piece
and / or by depositing a coating (Fig. 2).

Fig. 1. Steel parts whose surface properties can be improved
by different methods [9.10]
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Fig 2. Classification methods amending superficial properties of materials [1]

Traditional treatments and therapies thermo
chemical surface hardening are still the main ways of
improving surface properties of parts, especially
resistance to wear and fatigue.

Development of thermo chemical treatments,
especially those made in vacuum and plasma, lead to
a more rigorous control of the depth and properties of
the modified layer, increasing productivity and reduce
adverse environmental effects.

2. Experimental conditions

Experimental investigations were performed on
samples of steels to improve the quality of 41MoCr11
OLC45, which were applied different thermal or
thermo chemical treatments in order to observe
structural changes and properties.

The chemical composition of steel qualities is
presented in Table 1.
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There have been conducted experiments on
determining the optimal process parameters to
improve heat treatment (quenching and high
tempering fig.4) followed by surface treatments.

Further, in some samples were tested regimens
surface tempering with heating currents of high
frequency plasma nitrating regimes and the
specialized equipment.

Analyzing the operation of the part to determine the

nature and size of solicitations,the characteristics of working

environment, the material for the part [1,2

Identifying predictable processes off

ear / corrosion / fatigue|

Establishing the necessary core and surface

properties;

Establishing the manufacturing technolog

and thermal treatment for the base material

Establishing the surface treatment and

or coating

Assessing the
costs and performance indicators

Finalizing the
constructive solution and manufacturing
technology

Fig. 3. Sequences of a product design of a given part [9.10]

2. Experimental conditions

Experimental investigations were performed on
samples of steels to improve the quality of 41MoCr11
OLC45, which were applied different thermal or
thermo chemical treatments in order to observe
structural changes and properties. The chemical
composition of steel qualities is presented in Table 1.

There have been conducted experiments on
determining the optimal process parameters to
improve heat treatment (quenching and high
tempering fig.4) followed by surface treatments.
Further, in some samples were tested regimens
surface tempering with heating currents of high
frequency plasma nitrating regimes and the
specialized equipment.
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Table 1. Chemical composition of samples, %o

Steel C Mn i s P Cr Mo
quality
OLC45 0.42-0.50 0.50-0.80 | 0.17-0.37 | 0.020-0,045 max. 0.04 - -
41MoCrll | 0.38-0.45 0.60-0.90 | 0.17-0.37 | max. 0.035 max. 0.035 | 0.90-1.20 | 0.15-0.30
Table 2. Experimental heat treatment regimes in volume (41MoCr11)
Salflple/ Hardening Cooling Comeback Cooling
experimental temperature environment Temperature environment HB
regime [°C] [°C]
1 840 oil 200 air 381.2
2 840 oil 250 air 369
3 840 oil 300 air 341
4 840 oil 350 air 300.2
5 840 oil 400 air 288.6
6 840 oil 450 air 335.5
7 840 oil 500 air 269.6
8 840 oil 550 air 250.6
9 840 oil 600 air 253
10 840 oil 650 air 204.55
11 880 oil 200 air 358.8
12 880 oil 350 air 375.6
13 880 oil 500 air 299.6
14 880 oil 650 air 215.8
15 850 air - - 217
T b
[°Cl
AC3
ACl
0 T,rﬁin

Fig. 4. Experimental heat treatment regimes for determining the optimal parameters of improvement.
Annealing temperature X: XX-Cooling medium.: XXX-temperature recovery: W term maintenance the
annealing temperature (2min/mm) ww-temperature maintenance during recovery

Further experiments aimed at establishing the
correlation between the structural state the core due to
heat treatment (by volume) and method of surface
treatment (surface treatment) to achieve maximum
efficiency in the design of the improved steel to parts.

Thermo chemical nitriding treatment was
performed in gas dissociate demonian, by heating to
550°C and maintenance 16 hours in special facility
the ion nitrating (in the about Arcelor Mittal SA,
Figure 5).
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Microstructure feature layer

4. Conclusions

This paper presents the study of the new
approach in designing optimal surface engineering
technologies, but also part of research results on some
superficial heat treatment applied to improve steel
parts. Experimental results illustrate the influence of
the main technological parameters specific surface
heating with high frequency currents of nitride ion on
the properties of the surface layer of steel parts of the
improvement. The experimental results allowed
conclusions on the optimum processing volume to
obtain optimal characteristics in all the part by
applying light heat processing methods.

References

[1].*** - Tratamente termice si ingineria suprafetei, nr.1/2002,
nr.1-2/2003

[2]. Levcovici M.S., Vasilescu E., Gheorghie, L. - Ingineria
suprafetelor - E.D,P. Bucuresti, (2003).

[3]. Bhushan B, Gupta B. K - Handbook of Tribology- Materials,
Coating and Surface Treatments- Krieger Publishing Company-
Malabar, Florida, (1997).

[4]. Popescu N, Constantin Ghe, Popescu O. - Tratamente
termice neconventionale, Ed. Tehnica, Bucuresti, (1990).

[5]. Minkevici A.N. - Tratamente termochimice ale materialelor si
aliajelor, Ed. Tehnica, (1968).

[6]. Gilfrich K V - Characterization of Solid Surfaces, New York,
(1974).

- 35 -



THE ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI.
FASCICLE IX. METALLURGY AND MATERIALS SCIENCE
N° 1-2012, ISSN 1453 — 083X

INTEGRATED ANALYTICAL STUDY FOR THE SOMES METALIC
ARTEFACT DISCOVERI IN IBIDA SITE, ROMANIA

Viorica VASILACHE!-2, Dan APARASCHIVEI?, lon SANDU!,
Violeta VASILACHE®, loan Gabriel SANDU*
! ALL Cuza” University lasi, ARHEOINVEST Platform
“Institute of Archaeology Iasi
3, Stefan cel Mare” University of Suceava, Faculty of Food Engineering
4 ,Gh. Asachi” Technical University of Iasi, Department for Teacher Training
email: sandu_i03@yahoo.com

ABSTRACT

The paper presents the results of the analyses conducted using the SEM-EDX
and micro-FTIR co-assisted techniques, on several metallic artefacts unearthed
during the excavations at the (L)Ibida archaeological site in Slava Rusd, Tulcea
County, Romania, that took place between 2001 and 2008. The data produced is of
use in identifying several archaeometrical structural and compositional features
which allow for the identification of the origin of the ores, of the alloy type, and of
the manufacturing technology. A series of new data is thus produced, that can
consolidate the three databases of scientific conservation of metallic artefacts (i-

archaeometallurgy/archaeometry/historiography,

itinerate/transfer/exchange/trade).

ii-museum  exhibiting,  iii-
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1. Introduction

The investigation of metallic artefacts requires a
close collaboration between specialists from various
domains of study: archaeology, history, chemistry,
physics, metallurgy, geology, etc. They seek to
establish: the nature of the material, the manner of
processing the raw material, the manufacturing of the
object itself, the subsequent preserving and restoring
activities the object underwent.

To these purposes, they most often employ
interdisciplinary methods of analysis, such as optical
microscopy, scanning electron microscopy (SEM)
alongside an EDX detector, micro-FTIR, calorimetry
by reflexion, etc. [1].

The present study will provide the results of the
SEM-EDX and micro-FTIR analyses performed on
several objects discovered during the excavation
conducted between 2001 and 2008 at the (L)Ibida
archaeological site from Slava Rusa, Tulcea County,
Romania.

As with any valuable cultural heritage asset,
metallic artefacts can "travel", from the manufacturer
who created them to the museum which exhibits
them, by one of the following routes:

- Normal route of artworks, with a range of
specific contexts (creation, acquisition, classification,
display, preservation/ restoration, etc.);

- Abandonment route, with contexts of creation,
acquisition, use, loss of use functions, abandonment,
archaeological discovery, preservation/restoration,
ranking, showdown, etc.;

- Concealment and oblivion route (especially for
hoards), with contexts of creation, acquisition, use,
loss of use functions, abandonment, archaeological
discovery, preservation/restoration, display etc.;

- Route through theft, with contexts of creation,
acquisition, use, loss of use functions, abandonment,
archaeological discovery, preservation/restoration,
display or reuse etc.;

- Route through falsification, reproduction/
copying, destruction, etc. with contexts of creation,
acquisition, use, unlawful/illegal activities and their
discovery, recovery of heritage functions,
reintegration by display setup;

- Route by disaster (earthquake, flood, fire,
volcanic eruption, landslide, crash, etc.), with
contexts of creation, acquisition, use, loss of use
functions, abandonment, archaeological discovery,
preservation/ restoration, display;
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- Route by plagues (cholera, health disasters
etc.), with contexts of creation, acquisition, use, loss
of use functions, abandonment, archaeological
discovery, preservation/restoration, display;

Some routes may modify a series of heritage
elements (patina, share value, conservation status,

Bronze Age

Iron Age

Roman Period
Byzantine Period

Medieval Period

Modern Period T——

- discovery/acquisition/transfer;

- scientific investigaticn;

etc.) as well as the main heritage function, the
aesthetic and artistic.

An outline of areas of interest, the purpose of
conservation and scientific activities integrated
bronze artefacts in accordance with codes of ethics, is
shown in Figure 1.

Archaeometalurgy,
Archaeometry &
Historiographical studies

, Museum display

Trading

- passive preservation (preventive) or acclimatization;
- active preservation (curative) or treatments to stop
deterioration and degradation evolutive processes;

- restoration (consolidation, structural, chromatic and

environmental reintegration);

- mechanical and climatic protection;
- reevaluation and hoarding through the museum display;

- maintanance.

Fig. 1. Scheme of the areas of interest (left), goals (right) and specific integrated scientific
conservation activities (bottom) of ancient bronze artefacts

For the value of a piece of bronze coming from
archaeological sites there are some basic steps to be
followed, namely [1, 2, 3]:

- Excavation;

- Cleaning;

- Scientific investigation;

- The coherent reconstruction of the shape
from fragments;

- Completion of form and ornament;

- Mechanical and climatic protection by
coating;

- Display and maintenance.

Depending on the circumstances and purposes,
these steps may be detailed or developed with other
activities or interventions.

2. Materials and methods

The artefacts selected for investigation have
been discovered by the specialists from the Institute
of Eco-Museal Research from Tulcea, the Institute of
Archaeology from lasi, and the Institute of
Anthropology  from  Bucharest, during the
archaeological diggings of the /bida site from Slava
Rusa [4].

They are presented in Figure 2 and consist of:

- Haft — P1 (Figure 2a), discovered at Ibida in
2006, G Curtain wall, S3, survey Cl, inventory no.
48237. The item is 44 mm in length, rectangular, and
ends with a pommel with a diameter of 8§ mm. At
approximately 32.6 mm from the end with the
pommel, the handle has two diagonal asymmetrical
incisions, and at 5.75 mm from them another two
very fine incisions. The weight is 6.47 g. On the side
to which the blade was attached, two rivets were
preserved; they are positioned at approximately 25
mm from each other, and most probably were part of
the fixing mechanism.

- Blade of pocket-knife — P2 (Figure 2b),
discovered at Ibida (passim), Nichifor donation, inv.
no. 40344. The length is 51.64 mm and the maximum
width is of 10.65 mm. The weight is 5.52 g. Only the
blade is preserved, without the handle. Unfortunately,
neither the connecting mechanism has been
preserved. The piece was dated between the 2™ and
4™ century A.D.

- Fragment of knife - P3 (Figure 2c), discovered
at /bida in 2002, G Curtain wall, S1, square 24, -1.50
m, on the level (north of the wall), inventory no.
45889. The length of the blade is of 48.83 mm, and
the width at the base is 24.70 mm. A 19.40 mm
fragment of the haft has been preserved. The rivet
fixating the blade to the handle can still be observed.
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The weight is 17.44 g. Given the current shape of the
blade, its original length was probably around 130

mm. The artefact was dated between the 4th and 6th
century A.D.

] l—_—_:_:_
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¢
Fig. 2. Items discovered during the archaeological diggings from (L) Ibida (Tulcea County):
a. Haft, inv. no. 48237; b. Blade of pocket-knife, inv. no. 40344, c. Fragment of knife,
inv. no. 45889, d. Scissors, inv. no. 31978, e. Pincers, without inventory number;
. Fragment of knife, without inv. number.

- Scissors — P4 (Figure 2d), inventory no.
31978. The two blades have been preserved almost
entirely. The length of the piece is 67.87 mm, the
width is 23.84 mm, and the weight is 13.49 g.

- Pincers — P5 (figure 2¢), discovered at Tufani,
without an inventory number. The artefact survived
entirely, and it is composed of a 6.58 mm-wide metal
band, with the arms of 55 mm each, curly, and with a
coil with a diameter of 9.87 mm. The piece weights
5.56 g.

- Fragment of knife — P6 (Figure 2f), discovered
at Noviodunum in 2007, without an inventory
number. A 31.30 mm fragment of the blade has
survived, as well as a 41 mm of the handle. Only one
edge was usable, and the maximum width of the
blade is of 15.21 mm. The weight of the artefact is
6.12 g.

The SEM-EDX and micro-FTIR methods were
employed to investigate the above-mentioned
archaeological pieces, in order to identify the
materials used in their manufacturing.

a. The SEM-EDX analysis

A SEM (model VEGA II, produced by the
Czech TESCAN company) electronic scanning
microscope was used co-jointly with an EDX
detector (QUANTAX QX2 type, produced by the
BRUKER/ROENTEC in Germany).

This method, alongside the visual inspection of
the micro-photogram, allows for the mapping
(deployment) of the atoms from the investigated area,
while alongside the X-ray spectra it allows for the
determining of the elemental composition (in
gravimetric or molar percentages, of a micro-structure
or of a selected area) and the assessment of the
compositional variation along a vector running across
the investigated area or section.

b. The micro-FTIR analysis

The spectra were recorded using TENSOR 27
FT-IR  spectrophotometer, coupled with a
HYPERION 1000 microscope; both pieces of
equipment were produced by Bruker Optic, Germany.

The FT-IR spectrophotometer is a TENSOR 27
model that is most appropriate for near-IR (NIR)
measurements. The standard detector is the D1aTGS,
which covers the spectral range 400-600 cm™ and
which works at room temperature. The resolution is
in most cases of 4 cm™, but it can reach up to 1 cm™.

The equipment used for the investigation was
made available by the Laboratory for Scientific
Investigation and Conservation of Cultural Heritage
Items within the Interdisciplinary Research Platform
in the Field of Archaeology — ARHEOINVEST from
the "Alexandru loan Cuza" University of lasi.
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3. Results and discussions

Following the SEM-EDX analysis of the
structures from the surface and the cross-section, the
elemental composition, in mass percentages, of the
objects found during the archaeological excavations,
was established (Table 1). On the basis of these

results, it was possible to establish the nature of the
materials used in manufacturing the objects. Thus, in
the P1 haft and in the P5 pincer the main elements are
copper and zinc, while in the P2 blade of pocket-
knife, alongside copper and zinc, tin is also present.
The P3 fragment of knife, the P4 scissors and the P6
fragment of knife, all have iron in their composition.

Table 1. The chemical composition of the investigated items

Elemental composition — mass percentages (%)

Index hlltvemnf) Cu | sn Zn Fe o C s P a Na K | Ca Al Si

P1 | Haft/ 48237 | 63.659 | - 14.743 | 0.752 | 8.463 | 9.639 - - 0.299 - - - 1.149 | 1.295
Blade of

P2 pocket- | o3 191 | 2544 | 5317 | 0496 | 6.673 | 0.900 - . 0879 | - - - . -
Kknife/
40344
Fragment of]|

P3 knife/ . . . 54.489| 31.730 | 5.466 . . . 3606 | 0559 | 1209 | 1.796 | 1.144
45889

P4 s§11s;<;§s/ . . . 67.129| 30478 | 0.501 | 0328 | 0.327 . . . 0329 | 0591 | 0317

ps |Pimcer/wio | 450000 | 16719 - | 4939 | 2.465 . . . . . . . .
my. no.
Fragment of

P6 | knife/wio| - - - 84.226| 13.326 | 0.696 - 0.442 - - - 0.604 | 0.705 -
inv. no.

Iron, just like copper, is the main metal to be
found in processed alloys that is often corroded while
lying buried. The processes of chemical alteration,

monolithisation, and mineralisation occurring in situ
means that the following elements should also be
present: C, O, Si, Al, Cl, etc. [3, 5, 6].

Fig. 3. The SEM images of the investigated objects:
a. Haft, inv. no. 48237, b. Blade of pocket-knife, inv. no.40344; c. Fragment of knife,
inv. n0.45889; d. Scissors, inv. no. 31978; e. Pincers, without inventory number;,
f- Fragment of knife, without inv. number
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In our case, the following contaminants were
identified: C, O, Si, Al, Na, K, Ca, S, P and CI.

Because of the interaction between the soil and
the metallic pieces, processes of chemical, electro-
chemical, biological, etc. corrosion occurThe altered
metal alloy presents on its surface a crust;
nonetheless, the mechanism by which this crust is
formed cannot be generalised for all types of
artefacts. This crust can be thin, smooth and with a
homogenous structure, or thick, rugged and with a
non-homogenous structure.

Significant similarities or differences can be
found on objects of the same type, historical period,
manufacturing technology, etc. [5, 6, 7, 8]. In the
SEM images (Fig. 3), the internal structure of the
analysed samples can be observed. Using the micro-
FTIR analysis based on group characteristic
vibrations, the nature of the corrosive products from
the surface structures has been confirmed. By
comparing the obtained spectral bands with the ones
from spectra libraries and from the dedicated
literature [9, 10], the main components formed on the
surface of the objects were identified; they
constituted the residual patina which remained after
the cleaning operations. Table 2 (Annex 1) presents
the main spectral bands, with the representative peaks
and their corresponding ions.

4. Conclusions

On the basis of the results obtained by
corroborating the results of the SEM-EDX and the
micro-FTIR analyses we can conclude that objects
P1, P2 and P5 are made from copper-based alloys,
while P3, P4 and P6 are made from iron. The objects
suffered from prolonged processes of segregation
towards the surface of the active metals, and
deteriorated, from the surface towards the interior, by
redox, acidic-basic and complexing processes
assisted by monolithisation by the inclusion of
contaminating elements. These features prove the
considerable age of these artefacts.

Oxide compounds (CuO, Cu,0O, Fe,0;, Fe;0y,
SiO,, etc.), hydrated basic carbonates
(CuCO;Cu(OH),, CuSO4 3Cu(OH)g, etc.), chlorine
compounds (Cuy(OH);Cl, CuCl,3Cu(OH),, etc.) and
other compounds were formed by the alteration

processes caused by the underground lying
environment [5, 6].
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Annex 1.

Table 2. Representative peaks and spectral bands of the ions identified in the analyzed objects.

Spectral bands Functional group Peak present in analyzed objects | Analyzed
(cm™) (cm™) objects

724.1378.1465 Pl
670-745: 800-890; 1040- | o0 1340. 1497 P2
1100; 1320-1530 1413. 1482 P3
1462. 1515 P4
723.1376. 1465 P5
940-1120 Orto-phosphate ion 1001 P3
1719. 1896. 2304. 2851 P1
o 1675.2635. 2307. 2862 P2
830-920; 1600-1900; 2150- | Orto-phosphate dibasic 1753 P3

2500; 2750-2900; i -
’ ’ on 1613. 1676. 2829 P4
1743. 2851 P5
570-680; 960-1030 Sulphate ion 618 P3
600-660; Chloride i 965. 1126 Pl
610-630; 900-1150 orideton 640. 929 P4
600-700 Tin i 654 P2
- in ion 608 P4
889 Pl
1130 P2
860 — 1175 Silicate fon 1044 P3
1036. 1123 P4
887 P5
888 P6
889 P1
. 878 P2

800 - 920 Aluminate

865 P3
837 P4
2636.2920. 3278 Pl
Aquo and hydroxo- 3241 P2
2550-3500 compounds. water of 2999.2585.3173 P3
coordination 3318. 3374. 3040. 2950 P4
3329.2955. 2922 P5
3603 Pl
3527 P2
3500-4000 V}’late.rs flelated 3651 P3
prysiealy 3509 P4
3508 P6
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ABSTRACT

This paper summarizes the results of an experimental study on gasification of
briquettes made from different agricultural residues. There were investigated the
effects of operating parameters such as the temperature and excess air ratio. These
parameters were found to influence syngas composition and heating value. The
results indicate that the concentrations of N,, CO, and CH, increase with the
increase in excess air ratio, while the concentrations of H, and CO decrease. The
heating value of the syngas was found to decrease with the increase in excess air

ratio.

KEYWORDS: gasification, agricultural residues, excess air ratio, syngas

1. Introduction

The use of biomass to provide partial substitution
of fossil fuels, has an additional importance as
concerns global warming since biomass combustion
has the potential to be CO, neutral. This is
particularly the case with regard to agricultural
residues or energy plants, which are periodically
planted and harvested. During their growth, these
plants have removed CO, from the atmosphere for

photosynthesis which is released again during
combustion [1].
Agricultural residues have acquired

considerable importance as biofuels for domestic
cooking, industrial process heating, electrical power
generation, and are used directly as well as in
briquetted form for a variety of energy end uses [2].
Biomass gasification is a thermal conversion of
solid biomass to gaseous fuel, in which the energy
stored in the biomass is converted to calorific value of

the produced gas.
The fuel gas obtained from gasification is called
syngas, which has major components: carbon

monoxide CO, hydrogen H,, carbon dioxide CO,, and
small fractions of methane CHy. The fraction of each
component gas in syngas is known to vary with the
type of biomass, initial moisture content of feedstock,

particle size, operating temperature, and excess air
ratio [3].

In this paper is presented the syngas
composition resulted from the gasification of the
briquettes made from agricultural residues. The
results indicate that the concentrations of H, and CO
decrease with the increase in excess air ratio, while
the concentrations of N,, CO, and CHy increase. The
syngas composition is found to be similar to those
reported by other researchers [4].

2. Experimental procedure

The gasification process consists of drying,
pyrolysis or devolatilization, combustion or oxidation
and gasification or reduction [5]. These processes are
largely dependent on the parent biomass composition,
moisture content, local stoichiometry, reactivity of
biomass, and the gasifier design [6].

Briquettes made of agricultural residues were
used in the experiments. The elemental and proximate
analyses of the fuels are listed in the following table.
Here it is seen that the sawdust briquettes have the
highest carbon content and the lowest ash content,
while the reed briquettes have highest ash content.
The briquettes made by 50% sawdust and 50% corn
stalk have the highest content of oxygen.
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Table 1. Fuel properties

Fuel sample Reed Sawdust Sawdust 50% + corn Sawdust 50% + wheat
briquettes briquettes stalk 50% briquettes straw50% briquettes
Ultimate analysis (% of dry fuel with ash)

C 52.4 53.3 49.41 50.63

H 5.91 6.28 5.90 6.12

N 0.65 1.91 0.43 0.53

S 0.0 0.0 0.0 0.0
(0] 33.55 35.75 40.73 38.08
A 7.85 2.77 3.54 4.64
Proximate analysis (% of wet fuel)

Fixed Carbon 29 24.85 22.60 20.30

Volatile matter 56.70 66.55 67.40 70.10

Ash 7.30 2.60 3.30 4.40

Moisture 7 6 6.70 5.20

3. Results and discussions

The variation on the composition of produced
syngas is studied by varying the different operating
conditions. The operating conditions in this study are
gasification temperature and excess air ratio.

The main components of the syngas are CO, H,,
N,, CO,, H,O and CH,4. The molar fractions of these

components were measured before the second air
injection. In Table 2 are presented the molar
composition of syngas produced by gasification of
sawdust briquettes, the gasification temperature and
the excess air ratio. The influence of temperature on
syngas composition is illustrated in Figure 1. The
molar fraction of the CO, increases with the decrease
of excess air ratio.

Table 2. The molar composition of syngas produced by gasification of sawdust briquettes

Temperature | Excess
[°C] air ratio CO, (6{0) H, CH, N, NH3 H,O LHV
700 0.33 0.0638 | 0.253 | 0.1950 | 0.0049 | 0.4518 | 0.0011 | 0.0304 | 5.47
750 0.27 0.0344 | 0.311 | 0.2286 | 0.0039 | 0.4018 | 0.0011 | 0.0193 | 6.53
800 0.23 0.0168 | 0.3465 | 0.2511 | 0.0029 | 0.3704 | 0.0011 | 0.0112 | 7.18
850 0.22 0.008 | 0.3648 | 0.2641 | 0.002 0.3538 | 0.0011 | 0.0063 | 7.52
900 0.21 0.0039 | 0.3735 | 0.271 | 0.0014 | 0.3456 | 0.0011 | 0.0036 | 7.68
The molar fraction of CO is the most significant 05 8 _
contribution to the heating value of the syngas. 045 X = L £
The molar fraction of the CO increases with the ; P * B . m 2 @
gasification temperature. The increase of the z 0.032 m - T7 g mo
gasification temperature causes a linearly decrease of é 025 W u A A A . % AH2
the N, molar fraction. Eo2a . w o
The useful energy content in the syngas can be 5o ° 3 "
quantified by the syngas heating value. Figure 1 = OZ; o 55 3 ::Z
shows the variation of lower heating value against 0N 4 - N 5 ° muv
temperature. 700 750 800 850 900
It is evident that the lower heating value Temperature, [°C]

increases with increasing of temperature.
The lower heating value of the syngas ranges
from 5.47 MJ/Nm’ to 7.68 MJ/Nn'.

Fig. 1. The influence of the temperature on the
syngas composition for sawdust briquettes
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Figure 2 presents the variation of H, molar
fraction as a function of the gasification temperature
for all briquettes made from agricultural residues. As
can be seen, the increase of the temperature causes an
increase of the H, molar fraction.

The highest content of the H, in the syngas was
obtained by gasification of briquettes made from
sawdust 50% + wheat straw 50%. The minimum
value of the H, molar fraction was obtained by
gasification of sawdust briquettes.

e
w
&

e
"

m Sawdust briquettes

=]
e}
wn

B Reed briguettes

e
et
o

w Sawdust 50%+ corn stalk
50% briquettes

m Sawdust 50% + wheat
straw 50% briguettes

e
-

Molar fraction of H2, dry basis
g o
v N ]

o

700 750 800 850 900
Temperature, [°C]

Fig. 2. Variation of the molar fractions of H,
with the temperature

The molar fraction of H, has an important
contribution in the calculating of syngas heating
value.

Figure 3 shows the variation of the CO, molar
fractions with temperature. It can be observed that the
increase in temperature decreases the CO, content in
the syngas.

m Sawdust 50%+ corn stalk

0.02 1 50% briquettes

= Sawdust 50% + wheat
straw S0% briquettes

&£ 0.08
“
@
-; 0.07 1
T 0.06 1 B Sawdust briquettes
[s]
0.05 1
8 M Reed briquettes
5 0.04 - rigu
c
S 003 4
T
jud
-
=
o
[]
=

700 750 800 850 900
Temperature, [°C]

Fig. 3. Variation of the molar fractions of CO,
with the temperature

Figure 4 shows the variation of the CO molar
fractions with temperature.

The increase in temperature increases the CO
content in the syngas. The highest content of the CO
in the syngas was obtained by gasification of
briquettes made from sawdust 50% + corn stalk 50%.

B Sawdust briquettes

m Reed briquettes

W Sawdust 50%+ corn stalk
50% briquettes

W Sawdust 50% + wheat
straw 50% briquettes

850 900

Temperature, [°C]

Fig. 4. Variation of the molar fractions of CO
with the temperature

In Figure 5 is presented the variation of CHy4
with temperature. The molar fraction of CHy is very
low and this decreases with the increase of the
temperature. The highest concentration of CH, was
obtained for gasification of sawdust 50%+wheat
straw 50% briquettes.

o
g

=
g

B Sawdust briquettes

§

m Reed briquettes

o
8

m Sawdust 50%+ corn stalk
50% briquettes

m Sawdust 50% + wheat
straw 50% briquettes

o
8

Molar fraction of CH4, dry basis
o
2
w

o

700 750 800 850 900
Temperature, [°C]

Fig. 5. Variation of the molar fractions of
CH, with the temperature

5. Conclusions

The syngas composition is strongly influenced
by the temperature and excess air ratio. An increase in
the temperature resulted in an increase in the
concentrations of H, and CO and a lower CO,
production.

The highest content of the H, in the syngas
was obtained by gasification of sawdust 50% + wheat
straw 50% briquettes for an excess air ratio A=0.18
and a temperature equivalent with 900°C. The
minimum value of the H, molar fraction was obtained
by gasification of sawdust briquettes for an excess air
ratio 2=0.33 and a temperature equivalent with
700°C.

The highest contents of the CO and CO, in the
syngas were obtained by gasification of briquettes
made from sawdust 50% + corn stalk 50%.
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The molar fraction of CHy is very low and this
decreases with the increase of the temperature.

The lower heating value of the syngas was
found to decrease with the increase in excess air ratio.
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ABSTRACT

The experimental research was at the basis of the hot immersion coating
technology with Sn-Pb alloy of the steel bands presented in the study. The
characterization of these layers was achieved through microscopic analyses and the
analysis of resistance to corrosion. Coatings with four tin-lead alloys were carried
out. The micro-structural aspect of the tin-lead alloys, the aspect of the covered
band surface, the micro-structure of the layers, the layer thickness variation
according to the duration of the immersion and the chemical composition of the
layers are presented. The resistance to corrosion was assessed through the
gravimetric index. The samples were exposed in sea water for five weeks. The
corrosion speed was determined for every type of coating, according to the period
of exposure to the corrosive environment and the kinetic process for the time

intervals studied.

KEYWORD: tin lead coatings, structure, corrosion

1. Introduction

The tin alloys are important in the production of
coatings through hot immersion. The most important
of these are the tin-zinc, tin-nickel, tin-cobalt, tip-
copper and tin-lead alloys. The tin-lead coatings are
mainly used for protection against corrosion and for
preparing the surfaces for soldering. The protective
layer made of Pb-Sn alloys gives the steel plate a
good resistance to corrosion, a very good capacity for
welding and soldering, and improves deformability.

The coating presents a high resistance to
corrosion in the atmosphere which contains sulphur
agents, in environments with oil products, in
sulphuric and phosphoric acids. In the case of
corrosion resistance of the plate covered in Pb-Sn
alloys, a very important role is played by the Fe-Sn
transition layer, formed at the separation limit of the
steel-coating. According to the iron-tin equilibrium
diagram, the inter-metallic compound FeSn, is formed
with 80.95% tin, stable up to 496°C. Like tin, this
material presents a crystalline tetragonal structure.
The FeSnj, layer gives a good coating adherence to the
steel support but, because of its fragility, it is not
recommended to go beyond a certain thickness.

The reduction of the tin content during the
coating, through its replacement with lead, influences

the FeSn, layer by reducing it and worsens its
adherence properties. In order to compensate this
shortcoming, modifications were made in the
fabrication technology of the lead plate with a low
content of tin, respectively applying a more intense
capping process, using new fluxing etc., to activate
the surface.

2. Experimental research

For obtaining Sn-Pb alloy coatings, the
following technological steps were followed:

- preparing the surfaces of the steel bands;

- development of tin alloys with different lead
concentrations;

- achievement of deposits through immersion in
melt;

- cooling of the samples

Preparing the steel surface in view of coating is
a very important stage, because the perfect cleaning
of the surface determines the obtaining of an adherent
layer, uniform and without flows.

The surface of the samples was chemically
degreased and then degreased in organic solvents
(acetone), etched in hydrochloric acid (17%
concentration) and covered in zinc chloride flux and
ammonium chloride dried at 150 °C.
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The sample steel bands on which the deposit
was achieved were 0.18mm thickness; their chemical

composition is shown in Table 1.

Table 1. Chemical composition of the support steel bands, in %

C Si Mn P S Al As Ti \% Cu Ni Cr Mo
0.025 | 0.015 | 0.210 | 0.013 | 0.010 | 0.046 | 0.004 | 0.002 | 0.001 | 0.005 | 0.008 | 0.025 | 0.001
Table 2. Elaborated Sn-Pb alloy chemical composition
Composition Alloy Melting
Alloy code Sn Pb Tem[:erature
[C]
1 80% 20% 180
2 70% 30% 185
3 50% 50% 220
4 32% 68% 260

The immersion temperature was 30-50°C above
that of the alloy melting temperature, and the
immersion duration varied between 3 and 12 seconds.

A first observation is that a growth in the alloy
lead concentration influences the aspect of the
surface. The aspect of the surface varies from silver in
the case of coating with an alloy with a high content
of tin (80%Sn-20%Pb), to opaque dark grey in the
case of the layers obtained in alloy code 4 (32%Sn-

Fig

68%Pb). The surface analysis through optical
microscopy shows a difference in the solidification
process, respectively a structure with fine dendrites
for alloy code 1 compared to the other alloys, as can
be observed in the micrographs in Figure 1.

The increase of the dendrite dimension is
influenced by the increasing of the solidification
interval [1] of the alloy codes 2 and 3, as compared to

¢) 50%Sn-50%Pb d) 32%Sn-68%Pb

. 1. Aspect of the probe surfaces covered with tin- lead alloys

(immersion duration 9 seconds), X100

Figure 2 presents the micro structural aspect of
the lead-tin alloys, elaborated in view of coating the
steel bands. According to the phase equilibrium
diagram [2], depending on the lead content, what may

P A S R

il A (BT Pk
b) 50%Sn-50%Pb

be observed is an increase in the eutectic quantity,
with the solid solution a in the case of hypoeutectic
alloys [3, 4] codes 2 and 3 and with the solid solution

B in alloy code 4.

&

Fig. 2. Microstructural aspect of the tin-lead alloy, X100
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During the research carried out, the
determination of the alloy layer thickness deposited
on the steel bands was achieved metallographic ally
as the average of three measurements in different
areas. As can be observed from the data presented in
Figure 3, the layer thickness depends on the
immersion duration, as well as on the chemical
composition of the alloy deposited.

The increasing of the lead concentration and
immersion period over 6 seconds determined
increasing of thickness for the alloy coating codes 3
and 4. In the case of alloys with a low content of lead
(20-30% Pb), the immersion duration does not
influence the layer thickness significantly. This can
be explained due to the much better flow of the alloys
which are rich in tin [5, 6].

—e— 70%Sn-30%Pb
—8— 32%Sn-68%Pb

—=—50%Sn-50%Pb
—a—80%Sn-20%Pb

807 I I I I
— 70 i i i "
E | | | | |
3 60 : : : : ‘
/-
fo— e ——
g % : : : | |
= 30 —tr —dA
— P,
50— = v
3 10 : | | | |
0 | 1 | 1 |
3 6 9 12

Immersion time [s]

Fig. 3. Thickness variation of the Sn-Pb alloy layers according to the
immersion duration

The analysis of the microstructures deposited
shows that these are uniform and present a structure
similar to that of the alloys, thickness varying
according to the immersion duration.

SCae 5. Maum|

Fig. 4. Microstructure of the 70% Sn 30% Pb alloy

coating, immersion duration. 6 seconds,
temperature 185[°C]

In order to determine the corrosion speed, some
samples were extracted from each type of coating
resulting from a 6 second immersion, where the layer
thickness was approximately equal. The corrosive

Figures 4 and 5 show the microstructural
aspects of the coatings, with the layer thickness
specified.

Fig. 5. microstructure of the 32%Sn-68% Pb
alloy coating immersion duration: 9 seconds,
temperature 185[°C]

environment used was a 3% NaCl solution. The study
was carried out for five weeks. The samples were
weighed at 7 days intervals, after they were washed in
water and then dried.
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In order to determine the corrosion speed, the
gravimetric method was used. The corrosion speed
was determined using the relation:

m

vCU}” :i (1)
S-t

where: v_ = - gravimetric index [g/m?®-h]; meo; -

mass loss through corrosion [g]; S - surface area,
[m?]; t - corrosion duration [h].

Both the corrosion speed at different time
intervals and the speed during the intervals were
determined; the variation curves were also drawn.

The corrosion speed depends of the chemical
composition of the alloy deposited on the steel bands,
on the thickness of the deposited layer and of the
exposure duration of the samples to the corrosive
environment [7, 8, and 9]. Figure 6 shows the
behavior to corrosion of the analyzed layers,
according to the duration exposure to the corrosive

environment. Analyzing the corrosion test results, we
may observe a similar behaviour of the alloy coatings
2 and 3.

This represents a continuous decrease of the
corrosion speed after the first three weeks (504
hours). The alloy layers with a lower content of
alloying elements (codes 1 and 4) have a lower
corrosion speed after 168 hours of exposure, but an
increased corrosion speed after two weeks and a
decreased one after 504, with larger values however
as compared to alloy codes 2 and 3.

The behaviour after 672 hours and after 840
hours respectively becomes the same for all types of
alloy, in the sense of a strong increase of the
corrosion speed.

The best behaviour is at 32% Sn and 68% Pb.
The increase of the lead content in the coating alloy
improves the resistance to corrosion in the studied
conditions.

@ 80%Sn-20%Pb B 70%Sn-30%Pb B 50%Sn-50%Pb B 32%Sn-68%Pb

Corrosion speed [g/m2 h]

168

672 840

Fig. 6. Corrosion behaviour of the analysed layer

Analysing the kinetic corrosion process for each
alloy presented in Figure 7, we may also observe the

similar behaviour at corrosion of the alloy layer codes
1 and 4, and of those in code 2 and 3 respectively.
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Fig. 7. Kinetics of the corrosion process for each type of coverage studied

3. Conclusions

-The increase in the alloy’s lead concentration
influences the aspect of the surface, which varies
from silver in the case of a coating made from alloys
with high tin content (80%Sn-20%PDb) to opaque dark
grey in the case of the layers obtained from alloys
with 32% Sn and 68% Pb;

-The increase of the immersion duration above 6
seconds leads to a significant increase of the layer
thickness, in the case of alloys which are rich in lead;

-The microscopic aspect of the surface also
shows a difference in the solidification process of the
layer: a structure with fine dendrites in the case of
alloy with 80 % Sn — 20 % Pb respectively, as
compared to the other alloys (thank to increasing of
the alloys solidification interval);

-The tin-lead alloy microstructure shows an
increase in the eutectic content, along with the solid
solution a (in the case of hypoeutectic alloys) and
along with small quantities of solid solution B in the
hypereutectic alloy.

-The analysis of the microstructures of the
deposited layers shows that these are uniform and
present a similar structure to that of the alloys;

-The corrosion test shows good deposit behaviour
at corrosion; analysed, they present values close to

the corrosion speed in time.

-The kinetics of the corrosion process shows a
significant increase of the corrosion speed in weeks 4
and 5 for all the studied layers;

-The increase of the lead content in the coating
has a positive influence on the resistance to corrosion.
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ABSTRACT

Hard coatings are often used for mechanical properties such as wear and
friction resistance. The corrosion behaviour may also be an important criterion for
industrial applications of these coatings. In this paper, the protective behaviour of
niobium carbide coatings onto hard carbide substrate was investigated in 3% NaCl
and IM H,S0, solutions. The corrosion behaviour of the carbide coatings depends
not only on the intrinsic electrochemical properties of the coatings, but depends
also by the surface defects such as roughness, deposited droplets during CVD
process and mainly by pinholes, cracks and scratches. The experiments conducted
to obtain thin layer of carbide through the vapour chemical deposition method have
followed an original path to obtain NbC directly in the working room thus avoiding
the import of these hazardous substances.

Characterisation of coating deposed by CVD method was done using
scanning electron microscope (SEM), X-ray diffractometer (XRD) and Knoop
hardness. Scanning Electron Microscope was used to investigate the coating
morphology and interface structure. X-ray mapping were also performed to
characterise the elements in a semi-quantitative analysis. Dron X-ray
diffractometer with Mo K, radiation operating was used for phase(s) identification.
Microhardness value (Knoop hardness) measured in the coating layer was 30.000

MPa.

KEYWORDS: niobium carbide, hard coatings, saline and acidic solutions,

corrosion

1. Introduction

Niobium carbide coatings find extensive
applications in tribological, mechanical and even
decorative applications. CVD NbC coatings usually
show only moderate or even poor corrosion
protection for hard carbide substrates.

The poor corrosion performance is not due to
the intrinsec corrosion behaviour of the carbide
coating itself. It results from small structural
defects, pores and crack formed during or after
deposition, which act as channels for the corrosion
of substrate [1].

We investigated the corrosion behaviour in
saline and acid solution of niobium carbide
coatings elaborated by CVD process. If the vapour
chemical deposition takes place within a tubular
continuous reactor, a gas carrying the reacting
species is passed over the sub-layer. At the sub-
layer surface, the reacting elements undergo a
numbers of chemical reactions leading to product

formation. Parts of the products are deposited on the
sub-layer and part of it goes back to the gas stream.
Before examining the vapour chemical deposition
reactions it must be determined if the reaction is
possible thermodynamically. The reaction will be
possible  thermodynamically if the calculated
concentrations (partial pressures) of the reactants, under
equilibrium conditions, are less than their original
concentrations.

The calculation of the equilibrium concentrations
from the equilibrium constant involves a good choice of
the number of gas spaces which can be higher than two
and the number of independent relations a relation
implies the equilibrium expression depending on the
free standard reaction energy and temperature.

The other relation consists in that the system
pressure is the sum of the partial pressures. If some
reactants possess more than one valence state, the
reaction should contain the reactant under its most
stable valence state. Hard alloys made out of metallic
carbides manufactured to an industrial scale for cutting

- 51 -



THE ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI.
FASCICLE IX. METALLURGY AND MATERIALS SCIENCE
N° 1-2012, ISSN 1453 — 083X

processing can be divided in two categories,
according to their use. The second category of
industrial products comprises the alloys out of
many types of carbide used in cutting process of
materials with long and continuous chips (all sorts
of steel).

2. Methods

2.1. Experiments
The electrochemical techniques used to
characterize the corrosion behaviour of coated

samples are linear voltammetry [2]. Linear sweep
voltammograms were recorded in the potential range
from -1000 mV to 1000 mV at the scan rate of 50
mV/min using PGP 201 potentiostat.

A three eclectrode system with an electrochemical
cell volume of 100 mL was used to perform the
experiments [3].

The auxiliary electrode was a platinum sheet and
the reference electrode was saturated calomel electrode.
The working electrode was the experimental samples
which has an electroactive area of 1 cm”.

The sample geometry is shown in Table 1.

Table 1. The constructive and active geometry of the plates

Plates type Utilisation The w;von:kled The plate geometry
group fatera Constructive Active
SNUN K20 White o Y % s o Y % A
15.04.08 Cast iron 0 12 60 |0 8 4 40 0

The corrosion behaviour of the layers has
been determined by introducing in two corrosive
environments: 3%NaCl and 1M H,SO, solutions, at
room temperature.

2.2. Characterisation

Characterisation of coating deposed by CVD
method was done using scanning electron

microscope (SEM) and X-ray diffractometer (XRD).
The NbC coated plates feature higher endurance
capabilities than those uncoated for the same cutting
speed both for steel and white cast iron.

The parameters of the cutting conditions were
chosen in the range of the values used on the working
machines at the Arcelor Mittal Steel Galati [4].

Table 2. Domains of the parameters values of the cutting conditions

Plate type Processed n | . v s t
material [rot/min] [mm/rot] [mm]

450 110 0.096 0.5

500 123 0.096 0.5

ISSI.\(I)E.I(\)IS whi.te 530 130 0.096 0.5
K20 castion 570 140 0.096 0.5
610 150 0.096 0.5

630 154 0.096 0.5

In Table 2 the values of the parameters of the
cutting conditions are: n - rotation speed [rot/min]; v -
speed cutting [mm/min]; s - advance [mm/rot]; t -
deep cut [mm)].

The operation of the latter is based on a housing
which cuts the deposited NbC layer. Samples for
metallographic analyzes were prepared by polishing,
this prevented damage to the dissimilar interface
(strate — substrate) during polishing SEM was used to
investigate the coating morphology and interface
structure. X-ray mapping were also performed to
characterise the elements in a semi-quantitative
analysis. Dron X-ray diffractometer with Mo K,
radiation operating was used for phase(s)
identification.

The micro hardness tests show that we have
NbC, value HV s = 30000 MPa is in good agreement
with the data from the literature [5].

3. Results and discussion

The optimum layers in the cutting process are
the NbC layers having thickness within 4 - 10um
above these values, the layers loose tenacity and
become fragile. As result of the thermal treatment
which means heating up to 1130°C degrees for
various exposure times, layer thickness with 2.5 -
10um were achieved [6]. The thickness of the thin
layers increases with the time of exposure to the
working temperature as illustrated in fig.1.
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Fig. 1. The thickness of the thin NbC layers
increases with time

Micro-hardness of WC-NbC-Co alloys is
affected by a large number of elements connected to
the raw material, purity and component dispersion in
the alloy and the solid solution quality and grain size
of components. In the factory process, these elements
are playing an ultimate role in effective micro-
hardness measurement of the material with a given
chemical composition (fig.2).

Fig. 2. Metallographic appearance of alloy with
80%WC, 12%NbC, 8%Co, x1500

Micro-hardness is not a constant like Vickers
hardness, in spite of the geometrical similarity, but
decreases with higher testing charges depending on
the size of the print.

Measurements were made on NbC covered thin
plates which thickness range between 6, 8 and 10pum
[7, 8].

Micrographies, figs. 3, 4 and 5 shows a layer
which is uniform and homogenous over the entire
depth.

Figure 3 clearly show a strong interface
between NbC and the substratum.

Fig. 3. SEM micrograph of the cross section of
NbC coating showing strong stratum -
substratum interface, x2000

There is a clear indication that metallurgical
bond formed at the fusion zone. Figure 4 exhibits the
coating morphology at a higher magnification. A fine
grained structure of the coating is observed with some
surface porosities. However, the coating is free from
any cracks.

Fig. 4. SEM micrograph of the NbC coating
showing coating morphology, x2000

Fig. 5. SEM micrograph of the cross of NbC
coating showing micro-hardness, x2000

Microhardness  value  (Knoop  hardness)
measured in the coating layer was 30.000 MPa while
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on substrate the hardness was 17 000 MPa. Figure 5
is the SEM micrograph of the cross section of the
coating and  substrate  with  microhardness
indentations. The small indentations in the coating
layer are indication high hardness values as compared
to the substrate which shows a large indentation.

The indentation at the interface is of
intermediate size in accordance with micro- hardness
values. No crack initiation or propagation is observed
from any of these indentations.

S MBC200)
-

L
—
i
o
8]
)
-

~ MbC (2207

o8 22 2y 26 It 1 7 4! [

Fig. 6. X- ray diffraction spectrum of NbC
coating

Fig. 7. The sphere shell of NbC by the Kalotest

From the experimental data obtained from
electrochemical measurements we chose the Tafel
method to study the corrosion behaviour (exemplified
in figure 8 for polarization curves obtained in
3%NaCl). The figure 9 presented the Tafel curves

The niobium carbide coating diagram (Figure 6)
presents diffraction lines which are characteristic the
most intense peak of NbC compound corresponds to
the (200) diffraction plane.

The values of the thin NbC layers as measured
by the Kalotest (fig.7) device are in good agreement
with the values measured by microscopic analysis but
slightly lower.

The steel ball diameter is 12 mm. Since the shell
diameter is much less than that of the ball.

’—0 : ______ A . L
-540(|-52 —500|-480 |-460 |—-440 |—-4Z0
Ef mWV(SCE)

Fig. 8. Tafel method applied for corrosion in
3%NaCl

I-1000/ | -s00 o || s00 | 1000

Fig. 9. Tafel curves in two corrosive
environments 3% NaCl solution and IM H,SO,

obtained in two corrosive environments tested.
Corrosion potentials are very close but the corrosion
current is higher in H,SO, solution [9].

The parameters from Tafel
summarized in table 3.

curves arc

Table 3. Electrochemical parameters of the corrosion process

Corrosive Ecorr icorr
environments [mV] [uA/cm’]
3%NaCl -480.7 0.0209
1M H,SO, -467.0 0.0966

Figure 10 shows the anodic polarization curve
in case of NbC layer immersed in 3%NaCl. This

curve presented the specific zones: active, passive and
trans-passive. The corrosion process take place into
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active zone, respectively the metal passes into
corrosive media as ions [10].

In this interval the current density is increased
up to a critical value (i) and then start to decline

log 1

1A A

E/ mV(SCE)

Fig. 10. Anodic polarization curves in
3% NaCl solution

Figure 11 shows the anodic polarization curve
in case of NbC layer immersed in 1M H,SO, solution.
This curve shows the absence of passivation process
and quickly corroded to -480 mV. At increase the
potential, above -400mV, continue the corrosion
process slowly but constantly[12]. Test results shows
a good corrosion behaviour of the NbC layer in
corrosive environments tested. Higher polarization
resistance and lower corrosion current shows better
corrosion behaviour in 3% NacCl solution.

4. Conclusions

These coatings have good wear resistance,
abrasion resistance, corrosion resistance and a strong
stratum -substratum interface. We would like to
underline that our condition tests are rather severe for
the coated samples and lead to high corrosion rates.
Nevertheless, long immersion duration does not alter
the morphology of the NbC coating.

The coating is fine grained, adherent, dense and
fee from cracks. However, some porosity is observed
in the coating layer.

For NbC coatings, new open porosity appears
and induces the peeling off of the coating due to
corrosion products accumulation. These pores
essentially come from the detachment of droplets
previously deposited during the CVD process.

The NbC layers presented good corrosion
behaviour in two corrosive environments: 3%NaCl
solution and 1M H,SO, solution, tested at room
temperature. Corrosion potentials are very close but
lower corrosion current shows better corrosion
behaviour in 3% NaCl solution. The later coating
should be considered for corrosion applications only
if the porosity, inherent to the CVD process, is post-
sealed (for instance oxidation, treatment). The
niobium carbide coating would provide a very

until the passivation potential (app. -250 mV). The
passivation is the result of formation of corrosion
products film [11]. In transpassive zone, the oxide
film starts to dissolve oxidative.

log i

s lalANOS ]

E/ mV(SCE)

Fig. 11. Anodic polarization curves in
1M H>SO, solution

efficient protection against corrosion in saline

solution.
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ABSTRACT

This paper is shown researches made on a system of monitoring and other
parallel system for diagnose, used in a cold rolling mill.

The first system (with specific measurement sensors) is an online vibration
monitoring system for control (on-line) the sheet quality and mill maintenance in
relation with diagnostic in work for cold rolling mill machine.

The second system is used for monitoring the torque measuring and mill
parameter (force, mill speed, the gap between work roll etc.). This system make

part from the integrate process control.

KEYWORD: Cold rolling mill, torque, vibration, quality control, maintenance

1. Introduction

In the new globalizing economically system
the product of cold thin strip (in condition of total
quality concept) is very important. For obtain a low
cost for the laminated strip is necessary to increase
the productivity of cold rolling mill by in conditions
of diminish for all the loosing and using at
maximum of human and material resources.

If we made a continuous monitoring of cold
rolling mill machine- in work- we can to reduce
maintenance costs, increase productivity and improve
product quality.

In the context of on-line monitoring for the cold
rolling mill process we study the vibration for the
most important parts of cold rolling mills equipment.
The rolling mill vibration —in work- causes severe
damage for mill machine and has a negative influence
for strip quality (fig. 1).

When we talk about steel strip quality, we take in
account the geometrically dimensions and the
influences on the strip material due the rolling mill

chatter. Other default can be represent by the marks on
the steel strip due the marks then can existing on the
work rolls.

The integrate control process is made to
analyses the vibrations who is produced on the work
roll chocks and backup roll chocks.

The noise and chatter signals is carried out in
the time and frequency range. The noise has to be
eliminated to obtain reliable strip quality in
conformity with predicted dimensions.

In time, we can create a database used for
compare between an initially vibration signal and a
vibration work signal for cold rolling mill machine
and finally to archive a quality standard for each
laminated roll strip. We made a parallel system of
comparison between the initially torque (the strip there
is not between the work rolls) and the torque in time
of the rolling process. The purpose of this study is
to find the cause of the steel strip defaults and to
diagnose [1] the state of the mill machine and to
predict when some parts of mill machine can have
problems in work.

A R s U R AT

Figl. Faults of laminated strip, due to rolling mill vibration

The accuracy of the thickness sheets (texture or

surface roughness) is important for the beneficiary of

this product.

In work conditions vibrations or oscillations
may occur, which again cause gauge chatter or chatter
marks on the rolling sheet.
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Gauge chatter is periodical faults in thickness or
shape of the strip or regular shades on the surface of
the strip transverse to the rolling direction.

Heavy vibrations of the roll stand may even
cause ruptures of the strip. The amplitude and wave
length of periodical strip faults depends on the
vibration system and the vibration frequency.

2. Experimental procedure

2.1. Measurement of vibrations in a cold

rolling mill machine
If we take in consideration the incitation system
there are free vibrations occur, when a single impulse
(the rolling stand or parts of it, oscillate with their
own natural frequency) determine an oscillatory
signal in the mill systems.

R

6\

On the other hands there are excited vibrations
in rolling stands determined by damage that exist in
parts of rolling mill machine.

In this context exist vibrations vertical [2] from
the roll stand (1- 16 Hz.), torsion chatter of the main
drive (5- 20 Hz.), interspaces chatter or third-octave
chatter (100 - 300 Hz.), roll vibration or fifth-octave
chatters (500-700 Hz.).

In practice, the differentiations of interfering
frequencies into those which are proportional to the
speed and those which are not are the first step in
describing the phenomenon of vibration and its
manifestations. In figure 1 we see the influence of
vibration on the laminated strip on a 5-stand of cold
rolling mill machine. The strip pattern is due of the
rolls bearing eccentricity and damage of drive system
of rolling mill machine. Another cause of strip
geometry damage is due to displacement of shaft roll
gap fluctuation and to excessive free motion.

\

/

<
D
&

; =
D

\
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Fig. 2. Schedule for parameters measured in the cold rolling mill machine: 1-work roll; 2-rolls
support;3-beckup roll; 4-mill stand (frame);5-horizontal accelerometer;6-vertical accelerometer;
7-signal preamplifier; 8-signal filter; 8-process computer

Experiments were made on 3, 4, 5 frame of the
rolling mill (accelerometers are placed like in figure
no.2) because on them there are the highest values of

displacements, acceleration and frequency vibrations
and that in fact, represents the latest stage in the
achievement of the finished product. We use this
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schedule for automatic online diagnosis of the
vibration in work of rolling mill machine.

The measurements were performed on 22 rolls,
after which the change was made on the working
cylinders of five stand of the rolling mill.

The frequency of vibrations are directly
influenced by the speed of rotation of the cylinders,
rolling force, the tension between frames, emulsion

used. The parameters of vibrations and they were
recorded during the period May to October 2012.
During the measurements campaign it has been
also measured and recorded of functionary parameters
for the five stand of tandem (table 1.a) the rolling
forces, tensions in the band and speeds rotation of
cylinders - for one of the rolled rolls.

Table 1.a
Frame 1 2 3 4 5
Rolling force, x10°N 1260 1170 1120 1070 1025
Rotation §peed of the Workmg 330 475 560 650 730
cylinders, rot/min
: 4 1-2 2-3 3-4 4-5
Tension between the frames, x10 48 37 71 14

The rolled material was strip of 12 Ust having
[3]: nominal thickness of 1.88 mm (entrance in

chemical composition and mechanical characteristics
is shown in the table 1.b.

tandem); 0.362-0.408 mm (output of tandem),
Table 1.b
Chemical composition, [%]
C Mn Pmax Simax Smax Al
0.12 0.44 0.033 0.052 0.042 min 0.016
Mechanical properties
R, | Flow’s limit R, As
[N/mm?] [%]
244 | 275-375 35%

2.2. The type, location and recording of
variables

In the following we made another set of
measurements regarding the vibration amplitude,
accelerations, frequency spectrum - in work- in stands
3, 4 and 5 of tandem rolling mill. The measurements
were made on the support of lower and upper
cylinders, on the operator side and on the drive
system.

The measurements were made with transducers
placed on cylinders bearings support of lower and
upper work cylinders in horizontal and vertical
position.

After the work parameters analysis that we
made, it can be observe the greatest value for tension,
force, speed, acceleration recorded at 3, 4, 5 stands of
rolling mill(table 1a)

For the frame number four the value of
measurement recorded as follows:

a. Measurement of stand displacement

Maximum displacement - measured on the
cylinder back-up upper support (operator-action) was
355x10°m, 370 x 10°m;

Maximum displacement - measured on lower
support of the cylinder (operator-action) emphasized
lower values, meaning 36x10°m and 178 x 10°m.

It will be noticed by comparing these data that
the highest value of movements was on upper support
of cylinder (drive side). This is due, perhaps, of the
existence of some vibrations coming from the chain
of cinematic shareholders.

b. Measured and recorded of accelerations

The measured and recorded maximum of
acceleration was about 4m/s’, from the drive side and
from the operator side, was about 3m/s>.

c. Measured and Recorded Frequencies

It is presented the frequency spectrum
(operator) is presented for block of lower and upper
cylinders and graphs of the frequency spectrum for
block of upper cylinders that values was in range of
100-300 Hz.

They made the same kind of measurements,
namely: displacement, acceleration and frequency (on
the upper and lower support of cylinders (the side of
shareholders and operator)

d. Measured accelerations in the stand number
three
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Maximum value was about 2m/s’, which
represents about 50% of the acceleration value in the
stand number four.

e. Measured of accelerations in the stand
number five

Maximum recorded acceleration was about
2.5m/s’ so it is situated between maximum values
from stand number three (1.6m/s® and stand number
four (4m/s?).

3. Results and discussions

If we do the monitoring of vibration system we
may to reduce the risk of gage or roll chatter and to
obtained quality product. Secondly, the torque is
monitoring and that is necessary for optimization of
milling process and condition-based maintenance.

After measurements and records made, is
resulted that:

-the highest amplitude of vibrations has been
emphasized in the four rolling mill frame (action
side), compared with frames 3 and 5;

-accelerations and frequencies had the greatest
values from action sides, for all three frames (3, 4, 5);

-the vibrations caused the appearance of some
wavy parts on the surface band (rolls 14 and 16;
thickness output 0.37; width 1660mm) —( in the shape
of cross stripe) with up to about 20-40 mm;

-on the surface of the last 5 rolls strip - before
the change of working cylinders-are observed traces
and printings belonging to these cylinders.

Analyzing the spectra frequency related to 3, 4,
and 5 stand of rolling mill machine, two maxima were
noticed, respectively:

-Frequency in range of 100-300 Hz. that are
generally speaking characteristics for spent camps
and games of positioning system interspaces, for the
quality of surface decks working cylinders, for
lubricant but not the last for variations of cylinders
rotation speed;

-Frequency in range of 500-800 Hz. That may
generally show —a wear stressed of decks of cylinders
support, of their camps (with games in the camps).

Areas of graphs frequency — related to 500-800
Hz range is not out in particular, the value of
vibrations magnitude compared to the area related to
the range 100-300 Hz.

Displacement [mm]

Pt 8i5] P,

Fig. 3. Vibration recorded from drive side (mark with black line)
and operator side (left side) [4].

We can make the interpretation of surface
defects, which occurred due to some reasons
presented to a point but correlated with the state of
wear rolling mill in general, the working cylinders,
camps and so on.

During a temporary measurement the vibration
initiating roll stand had to be identified. The results of
the analysis showed that stand number five initially
causing the gage chatter. The vibrations propagate via
the strip to stand four and from there to stand three
(identical constructions). The vibration showed a
frequency of roughly 125 Hz.

Finding the speed-proportional excitations is of
crucial importance, as they allow the detection of the
original, mechanical causes of the excitations.

However the analysis of cumulative [4]
spectrum is often time consuming as the excitation

effects depend on many strip parameters (material,
width, thickness etc.), and thus do not appear during
each pass. It has been developed to simplify the
evaluation of the spectra to compared to the
cumulative spectrum, the benefits of the frequency-
speed-collective are the greater time basis and a
equilibrate distribution in the cinematic of mill.

At speeds between 600-1250m/min. rolling and
the vibration frequencies measured not exceeding
450Hz, we have not registered print and sudden wave
variations in the thickness of rolling strip.

At the vibration frequencies between 450-1150
Hz noticed wave surface bands with step between 2-
20 mm, wear pronounced in the work and back-up
rolls support.

Following the experiments carried out during
2011 at a number of rolls rolled over in 250 rolls
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strip, consisting mainly in measurement and analysis
of the vibrations were established following range of
common characteristics: vibrations in the range of
frequencies 5-90 Hz corresponding for gearing, gear
box.

Vibrations with frequencies of 125-300 Hz,
corresponding for games in interspaces of positioning
system, for wears in the work and support of rolls
bearings and because of the lubricant used.

Vibration frequencies in the range of 500-980
Hz related to wears in the drive system (work and
back-up rolls support, motor-couplings bare-coupling,
some types of wave on strip surface, emulsion used
etc.). The vibrations are caused of torsion which
occurs in the middle of the pass and determine a lot
of marks on the strip surface and causes severe
damage to the drive system.

A process work parameters optimization may be
carried out, if such events are recorded and analyzed.
In this case, the lubrication system was improved.
During the first pass the entering torque impact is
very high.

The paper discussed two types of quality and
maintenance-related monitoring systems for rolling
mills [5].

Experiments in tandem operation revealed: the
tendency of growth of vibrations amplitude at high
speeds lamination where arise as to increase the speed
of rolling with about 50% per rolling mills, registered
a magnitude vibrations that increase about 35% per
frame of rolling mill;

On the other hand, the band widths with narrow
and heavy sea manifest the same tendency of
increasing amplitude vibrations, unlike bands with
great width and thickness, where the effect of
damping vibrations is considerably higher [7].

The torque sensors used in rolling mills must be
very robust due to the rough ambient conditions.

Although this material represents only a small
percentage of the yearly overall production at this
mill stand, the arising torque loads damages
components of the universal joint at a roughly ten
times higher percentage in terms of residual lifetime.

The practical examples presented here on the
monitoring systems confirm their efficiency.

For the cold rolling mill tandem - 1700 mm —
after we measured dynamic couples it observe values
exceeding the dynamic torque, when calculated with
about 17% at stands I, II, and approx. 23.5% at stands
III, IV and V. These differences are based on the
following: the shock due the clamp lane between
rollers; games due to components usage chain
training, inadequate emulsion; games related
positioning system; the usage of the decks cylinders.

Of all the research results made the current
problem is to analyze the conditions for scientific
running of rolling mills, the identification and

quantification disturbing factors and finally, modern
design, for increasing resistance, reliability, reduce
consumption, ensure continuity processes and product
quality finished.

All this led to the development of a general
concept for the establishment of dynamic influences
on complex machinery and quantification of the
dynamic forces [8].

The modern analysis of the tensions leads to the
design with a minimum of approximation and
uncertainty of sub-assemblies of equipment.

4. Conclusions

As a major conclusion of the investigation on
the basis of which have some researches contracts
concluded with ARCELOR MITTAL S.A. and
completed - is a pressing need reduction and possible
elimination vibrations in order to increase reliability
of all the rolling mill and the production of rolling
strip in accordance with international standards.

If we do not take into account the effect of
internal and external loaded (dynamic forces of
inertia in period of starting and braking, games in
components from inside the spaces of the cinematic
drive system, wear subassemblies), it will appear
severe repercussions all over the reliability and
quality of production.

Under the action of variables loads (charging
the forces and resistance on the parts of mill) the
materials of this parts suffering from damage and in
time is installing the phenomenon of fatigue. This is
the most frequent cause of the deterioration of
equipment subassemblies.

Dynamic effects for the tandem studied, permit
to appreciate that the most important dynamic effects
in the mill in tandem, in the positioning system, in
drive  system (motor-couplings bare-coupling,
emulsions, etc.)

We can take measures to reduce the load in
design stage of rolling mill machine and design of
cinematic and constructive schedules, correlated with
the drive system. It is important to determine the size
of dynamic moments that may occur during
operations.

We must to know the real physical processes
that occur in equipment with take in consideration of
parts mass distribution, game inside of drive system
and electrical characteristics;

We use computer modeling to determine,
simulation of cinematic and dynamic parameters and
to optimization the drive system.

It is necessary to develop models that combine
aspects of dynamic mechanical and electrical systems
and through computer simulation to provide
functionality and efficiency as well as deficiencies in
work.
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ABSTRACT

The fretting corrosion behaviour of untreated Ti-6Al-4V alloy in artificial
saliva solution was evaluated based on the change in open circuit potential (OCP)
measured as a function of time. Fretting corrosion experiments were performed
using a unidirectional reciprocating fretting experimental set-up which was
mechanically and electrochemically instrumented, under various solicitation
conditions. The effect of applied normal force on corrosion-wear of the tested
material was determined. Before the onset of fretting a large increase of the OCP in
the noble direction for the Ti-6Al-4V alloy was observed. With the onset of fretting
it was observed a cathodic shift in OCP, shift which decreases linearly with
increasing normal load. The restoration ability of Ti-6Al-4V alloy after the passive
films damaged during fretting, was observed after the fretting motion was ceased. It
was confirmed a decrease in friction coefficient with gradually increasing load. The
morphological features of the fretted zone and the wear mechanism were assessed

using scanning electron microscopy and non-contact optical profilometer.

KEYWORDS:  Implant
Electrochemistry, Ti-6Al-4V Alloy

1. Introduction

Pure Ti and Ti-6Al-4V are mainly used for
biomedical applications and satisfy most of the
demand for implant materials in the medical and
dental fields [1-2]. The increasing use of Ti-based
metals for implantation, is due to high strength, low
density, high specific strength, good resistance to
corrosion, enhanced biocompatibility, moderate
elastic modulus compared to other metallic
biomaterials [2].

Titanium based metals derives theirs resistance
to corrosion by the formation of an adhesive TiO,
oxide layer at the surface to a depth of approximately
5 nm [3-7]. The spontaneous formation of a titanium
oxide film on their surface as long as oxygen is
present, leads to extremely stable film and gives a
passivating effect on the metal. Passivation effect
does not by itself mean that the metal will not corrode
but the percentage of corrosion is much lower in the
presence of a stable oxide layer [8]. This high
corrosion resistance of titanium alloys can be strongly
decreased by damage of the passive film when a
mechanical stress is loaded on the sample [3].

application,

Fretting  corrosion,  Wear,

There are very few studies on the literature
which use as test solution in fretting corrosion
behaviour of Ti-6Al-4V artificial saliva compared
with other simulated body fluids (Hank solution,
Ringer solution, sodium chloride solution) [9-13]. As
well, the combination of mechanical parameters used
in the present research such as load, frequency,
displacement amplitude and number of cycles, is
different compared to the same studies mentioned
above [9-13].

The aim of this research is to investigate the
wear and corrosion behaviour as a function of normal
load of Ti-6Al-4V alloy in artificial saliva solution.

2. Experimental

2.1. Materials
Annealed grade 5 Ti-6Al-4V alloy according to
the international standard I1SO 5832-3, with

mechanical properties in accordance with ASTM

B265 and whose chemical composition and
mechanical properties are presented in Table 1 was
used as base material. The samples of Ti-6Al-4V
used, in the form of plates, were cut to dimensions of
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25 x 25 x 2 mm and then successively polished with
waterproof abrasive paper with grit (320 - 4000 pum),
diamond paste (3 and 1 um size) and colloidal silica
solution (0.04 pum size of particles), finally achieving
a mirror surface. Samples were cleaned in an
ultrasonic ethanol bath during 5 minutes and dried
using dry, cold air. Then the samples have been
stored for about 24 hours in a desiccator to allow the
formation of a stable surface film on the test samples.

Al,O3 balls (G 10 grade) with 10 mm diameter
(Ceratec Technical Ceramics BV) were used as
counterpart in the sliding tests. The electrolyte
utilized in fretting corrosion tests was Fusayama -
Mayer artificial saliva [14-15], with the chemical
composition presented in table 2 and having a pH
equal to 5. Tests were performed at room temperature
(23°C).

Table 2. Chemical composition of test electrolyte

T Saliva Fus?éf/zlt_l]na - Mayer
NaCl 0.4
KCI 04
CaCl,*2H,0 0.8
NaH,PO, 0.69
Urea 1

2.2. Fretting-corrosion tests

Fretting-corrosion tests were performed using a
uni-directional  reciprocating tribometer  shown
schematically in Fig. 1.

Ti-6Al-4V alloy samples serves as working
electrode and its potential was controlled using
Solartron Instruments 1287 Electrochemical Interface
potentiostat/ galvanostat with a frequency response
analyzer Sl 1255. The counter electrode was made of
platinum wire and the reference electrode was the
Ag/AQCI (saturated KCI solution, E=200mV vs.
NHE). These electrodes were placed in the fretting

corrosion cell in such a way that only 1 cm? area of
the working electrode was exposed to electrolyte.
During the tribocorrosion test, the normal force,
tangential force, coefficient of friction, number of
cycles as well as the electrochemical parameter, were
monitored.

The wear tests were carried out with 1, 2 and 5
N normal forces, at 1 Hz reciprocating frequency,
with a displacement amplitude 200 um and 1000
cycles.

Electrochemical Feii®  Tribometer |

parameters ~__ Control Panel-
=1 '_ -,'i Mechanical
| | parameters |
| & | | load |
| I 1 Electrolyte
| = ] Al
_ ,0, ball
P
T | \
= — ™~ Sample
200 ym
Ti-6AI4V Ag/AgCl Pt|

Fig. 1. Schematic view of the experimental set up
for fretting-corrosion tests

The protocol used for the tribocorrosion tests
consisted of two steps: (1) measuring the open circuit
potential (OCP) of the sample, from immersion for 60
minutes to allow stabilization of potential and (2)
fretting test during which OCP was measured.

2.3. Characterization techniques

The surface topography and mass loss of the
volume removed from the surface in the wear track
was determined from measurements using non
contact Wyco NT3300 optical profilometer with
white light interferometry and Vision (version 2.210)
software. Philips scanning electron microscope XL 30
FEG was used to characterize the morphological
features of the fretted zone.

Table 1. Chemical composition and mechanical properties of Ti-6Al-4V alloy

Chemical composition

Specification | 8-12-05832-1 N Al C A% H Fe (0] Ti
Ti-6Al-4V max. [%6] 0.003 | 6.01 0.008 3.83 | 0.002 | 0.083 | 0.088 | 89.976
Grade 5 min. [%] 0.003 | 5.86 0.008 3.73 | 0.002 | 0.068 | 0.084 | 90.245
Mechanical properties
Resistance to flow ‘ Tensile strength Elongation
[MPa] [%]
865 | 937 11
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3. Results and discussions

3.1. Evolution of open circuit potential
under static conditions

Prior starting the fretting-corrosion tests, the Ti-
6AIl-4V alloy was allowed to stabilize in artificial
saliva for 60 minutes. In this interval, a large increase
of the OCP in the noble direction for the Ti-6Al-4V
samples was observed, fact which indicates that a
stable passive film grows on the surface, Fig. 2.

-100 —
-150 +

-200 4

E (mV vs Ag/AgCl)

250 4

=300+

350 ————————————
0 500 1000 1500 2000 2500 3000 3500

Time (s)

Fig. 2. OCP evolution of Ti-6Al-4V alloy
measured during 60 minutes of immersion

3.2. Effect of normal force on open circuit

potential measurement

After the period of 60 min. when OCP exhibits
an anodic shift (from -322 to -117 mV vs. Ag/AgCl)
were monitored the effects of normal force on OCP
evolution before, during and after sliding wear test,
tracked on Ti-6Al-4V samples. These tests were
performed at three different normal forces of 1, 2 and
5 N, fretting frequencies of 1 Hz, with a displacement
amplitude of 200 um and finally at 1000 number of
cycles.

In Fig. 3 there are shown OCP variations of Ti-
6AIl-4V alloy immersed in artificial saliva solutions
before (3 min.), during (1000 cycles) and after (10
min.) fretting tests at frequency of 1 Hz, with a
displacement amplitude of 200 pum, for 1000 cycles,
by applying normal forces mentioned above.

For all tests performed it was observed that with
the onset of fretting a sudden decrease of the OCP
occurs. This potential shift is associated with the
damage of passive film by partial or complete
removal of its [10, 16]. In the period of friction were
reported some oscillations in the OCP for Ti-6Al-4V
alloy and this is attributed to the periodic removal
caused by the contact with counter body
(depassivation) and growth caused by contact with
the electrolyte (repassivation) of the passive film in
the fretted zone [17-18].

0
Tetatic conditons

r ;i
(t— Fretting ON
100+ -~

-200 4+

Fretting OFF

E (mV vs Ag/AgCl)

=

Repassivation

5
(=)
L}
Damage of passive film

-600 +

T
0 200 400 600

L 1 1 1 1 4
T T T T T T
800 1000 1200 1400 1600 1800
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Fig. 3. OCP variation of Ti-6Al-4V alloy
measured vs. time before, during and after
loadingat 1 N, 2 N and 5 N.

After unloading, the OCP of Ti-6Al-4V samples
shows an anodic shift due to repassivation of Ti-6Al-
4V substrate forming immediately a thin film of
titanium oxide [10, 16-18].

In conclusion, from Fig. 3 is observed the fact
that the potential measured during the fretting-
corrosion tests decreases linearly with increasing
normal load.

3.3. Effect of normal force on the friction

coefficient evolution
The effect of imposed normal loads (1, 2 and 5
N) on the evolution of friction coefficient for Ti-6Al-
4V alloy at fretting velocity of 1 Hz, with a
displacement amplitude of 200 um, for 1000 cycles,
in artificial saliva is observe in Fig. 4.

Coefficient of friction

0.5 1 1 i L 1 1

0 200 400 600 800 1000

Fretting cycles

Fig. 4. The influence of normal loads (1 N, 2 N,
5 N) on the evolution of friction coefficient

This figure reveals a decrease in the coefficient of
friction with increasing normal force at constant
frequency and constant number of cycles, due to
smoothening of the surface under high load, similar
observations which were made also by F. Ahmad et
al. for Aluminium Matrix Composite [19].
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By correlation of potential values recorded
during friction with coefficient of friction values is
observed that the potential drop events are
accompanied by a sudden decrease in the coefficient
of friction and this behaviour may explain by the
delamination of the tribolayers formed in the contact
region, similar observations being made also by A.C.
Vieira et al. [21].

3.4. Characterization of the wear track

3.4.1. Scanning electron microscopy

The secondary electron images of the fretted
zone of Ti-6Al-4V alloy, after subjecting it to fretting
corrosion in artificial saliva at normal loads of 1, 2
and 5 N, fretting velocity of 1 Hz, with a

displacement amplitude of 200 um, for 1000 cycles
are shown in Fig. 5.

A first observation that can be done at
investigation of the wear tracks from figure 5 is that
with increasing normal load also increase dimensions
of the wear track. Also the damage suffered by the
sample is directly proportional with increasing
applied force.

3.4.2. Profilometric measurements

After the tribocorrosion experiments were
finished, the total wear of the Ti-6Al-4V sample was
evaluated by profilometry. Three dimensional surface
profiles of the fretted zone of Ti-6Al-4V alloy are
shown in Fig. 6.

Fig. 5. SEM images of the entire fretted zone of Ti-6Al-4V after tribocorrosion tests in artificial saliva
solution under normal loads of 1, 2, 5 N.

um

“Fn=2N

236

um um

" Fn=5N =

-339 -8.08

Fig. 6. 3-dimensional profiles of the fretted zone of Ti-6Al-4V alloy after tribocorrosion tests in
artificial saliva solution under normal loads of 1, 2, 5 N.

It can be seen clearly the same trend as for

scanning electron micrographs of the entire fretted
zone of Ti-6Al-4V, that with increasing normal load
also increase dimensions of the wear track.
Also, the irregular surface profile of the wear track in
case of higher normal loads points towards the
presence of adhered wear debris in the track
indicating the abrasive wear mechanism, as it can be
seen in Fig. 6.

Once again the fretting-corrosion experiments
made on Ti-6Al-4V alloy in artificial saliva solution
have demonstrated that the wear is very pronounced if
the normal loads applied are increasing.

4. Conclusions

The tribocorrosion behaviour of titanium alloy
Ti-6Al-4V fretting against corundum in an artificial
saliva solution was investigated in a ball-on-flat
contact configuration combined with in situ
electrochemical measurements (OCP).

According to evolution of open circuit potential
at immersion for a period of 60 minutes of Ti-6Al-4V
alloy in artificial saliva it was observed an increase of
the potential in the noble direction, fact which
indicates that a stable passive film has grown on the
surface. With the onset of fretting was seized a drop
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in cathodic domain of OCP, decreases which is
linearly with increasing normal load, due to the
removal of the passive oxide layer induced by fretting
and confirms its increase in susceptibility for
corrosion.

The effect of applied normal force on corrosion-
wear of the tested material were determined. Applied
normal force was found to greatly affect the potential
during fretting-corrosion, an increase in the normal
force induce a decrease in potential accelerating the
depassivation of the Ti-6Al-4V alloy. Also according
to applied normal force was confirmed a decrease in
coefficient of friction with gradually increases load,
due to smoothening of the surface under high load.
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ABSTRACT

The approach for selective growth of 1D nanostructured oxide materials using
poly (dimethylsiloxane) (PDMS) stamp consists of using microcontact printing, as
soft lithography technique for transferring the pattern of ZnO film on substrate,
followed by hydrothermal growth of 1D nanowires on patterned areas. The
nanowires have been grown in aqueous solutions of zinc nitrate at temperature of
95°C. The wettability of glass and Si/SiO, substrates was investigated by contact

angle measurements.

The morphology of obtained

nanostructures were

characterized by optical microscopy and scanning electron micoscopy.

KEYWORDS: ZnO nanowires, hydrothermal growth, microcontact printing,

contact angle, morphology

1. Introduction

One-dimensional ZnO nanostructures
(nanowires) have been studied intensively for the
realization of various devices such as light-emitting
diodes[1], gas sensors[2], ultraviolet photosensor[3]
and field effect transistors[4], due to their siple
synthesis route.

Achieving selective, uniform and ordered arrays
of ZnO 1D nanostructures on wanted areas of
substrates via a one-step approach by wet solution
method remains a prominent challenge. For the
selective pattern growth of ZnO nanowires have been
developed  various  technologies:  nanosphere
litography[5], silane-based self-assembled
monolayers[6], electron beam lithography[7] and
conventional photolitography[8].

These procedures are time-consuming and
require some expensive facilities. The new soft
lithography techniques, such as microcontact printing,
represent a very attractive alternative because has a
nonphotolitographic strategy, using an element with
surface relief (i.e. the stamp) to transfer material to
preselected area of the substrate [9-11]. Usually,
stamps are produced by replication against a master
that has the desired relief features.

A conventional PDMS stamp has a hydrophobic
surface, which enables nonpolar chemicals to be

transferred onto substrates[12]. In this article, we
report a selective growth of 1D nanostructures that
combines the direct patterning of ZnO films via
microcontact printing (1) and subsequent low-
temperature hydrothermal growth of ZnO nanowires

2).
2. Experimental details

2.1. Preparation of Elastomeric

Polymer Stamp

For the preparation of Elastomeric polymer
stamp, a SU-8 photoresist was spin-coated onto the Si
wafer and then exposed at 14,ImW UV radiation,
through a photomask with 300x300 and 700x700 pm
square model.

The exposed SU-8 thin film was developed to
yield the pattern (master mold) and then cleaned with
isopropyl alcohol and deionized (DI) water.

An polymer, PDMS (Sylgard 184 Silicone
Elastomer KIT, Dow Corning)[13] fabricated by
pouring a mixture of silicone elastomer and a curing
agent, was poured onto the SU-8 mold and cured at
70 °C.

After the curing process, the PDMS was
detached and cleaned in ethanol and ultrapure water,
and treated with O, plasma (Figure 1a).
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2.2 Pattering of ZnO film and grown of P
ZnO nanowires —

For deposition of ZnO film, an alcoholic l
solution of zinc acetate dihydrate,
Zn(CH3CO0),-H,0, (Sigma Aldrich, 99.5% purity)
was used. The solution for hydrothermal growth of Aquecus alution ol 2 ntrne ‘

nanowires, zinc nitrate hexahydrate (Zn(NO;), 6H,O, . —

98% Sigma—Aldrich) was used as row material. Zinc

nitrate salts provide Zn” ions required for building up l

ZnO nanowires, while water molecules in the solution Patterned growth

provide O ions. HMTA hydrolyze in the water *~ of ZnO .
solution and gradually release OH (Figure 1b). M 1% nanowires

2.3 Characterization of thin film and

nanowires layers Fig. 1. Cross illustration of the selective growth
The contact angle measurements were pro-cess. ElaStom(?“C stamp preparation (a);
processed at 24 °C with goniometer — OCA 15 plus Pattering of ZnO film and selective growth of
DataPhysics, Germany. The surface morphology of ZnO nanowires (b).

patterned substrates was investigated by optical
microscopy using a Olympus BX51 The effect of the
morphology of the nanowires grown on patterned
layers was investigated by scanning electron
microscopy using a Zeiss Auriga microscope.

(@)

3. Results

Figure 2 shows the contact angle variation when
measured on glass and silicon substrates. Using this
technique, the wettability, in relation to zinc acetate
solution used for patterning of ZnO film, was
investigated. The contact angle values show
significant variation, it increases from 37 to 92" for
glass substrate, and from 52 to 100" for Si/SiO,
substrate, when...... (Figure 2). Taking into
consideration these results, one can conclude that the
wettability of glass substrate is higher than of silicon
substrate, which implies a higher adhesion of zinc
acetate dihydrate solution to glass substrate.

A

(b) ‘ |

Fig. 2. lllustration of contact angle variation on
glass substrate (a) and silicon substrate (b)

(b) -——  7ZnO film The model size and roughness have a significant
effect on the quality of resulted film pattern and on
the aspect of the grown nanowires.
To control the geometry of patterned areas, the
Preszure ard ime size of square models of PDMS stamp was modified
l ] l l l | l l from 300x300 to 700x700 um and the pressure that
has been carried stamping was kept constant.

Optical images of patterned substrates with
different size of model are shown in Figure 3. The
smoothest pattern surface was obtained for 500x500

Patterned pm size.
ZnO film

-
-
-
— - -« —
-
-~
-

Su-8

68 . Si
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Fig. 3. Optical images of Si/SiO, substrates
stamped with PDMS stamp with dimensions
models 300x300 (a), 500x500 (b)
and 700x700 pum (c)

From the optical images, one can observe that
the size model can affect the quality of patterned
areas. The square shape present a number of
irregularities, but the advantage is that always will
obtain a very smooth surface so it will not affect the
morphology of 1D ZnO nanostructures.

In Figure 4 are shown the SEM images of a
Si/Si0O, substrate stamped with square model (right
part) and non-stamped (left part). The patterned area
obtained by microcontact printing show some
irregularities but very dense vertical nanowires grown
inside of the square pattern can be observed (Figure
4c).

(a) (b)

Fig. 4. SEM images of ZnO nanowires localized
grown on Si/SiO, patterned substrate (square
model) by microcontact printing: images with
non patterned and patterned zones (a), detail
with patterned square model (b), detail with

nanowires grown on patterned zones (c)

The influence of substrate nature on the
stamping process is presented in Figure 5.

|
T

Fig. 5. ZnO nanowires grown on glass substrate
(a) and silicon substrate (b) patterned by
microcontact printing

It was mentioned before that the adhesion of
stamping solution based on Zn (O,CCHs;), to silicon
substrate is higher compared to glass substrate. On
Si/Si0, substrates, the patterned areas are well
shaped and defined, and the grown nanowires are
dense and vertically; the edge of the model on
Si/Si02 substrate is more uniform than on the glass
substrate. So, the quality of the created model is
influenced by the nature of the substrate, and in turn
influence the direction and dispersion of grown
nanowires. In order to explore the relationship
between the precursor concentration and the density
of the ZnO nanowires arrays, the precursor
concentration was varied between 0.01 - 0.025 M. As
shown in Figure 6, the dimensions and the density of
ZnO nanowires increase with solution concentration.

<L T e b :
»
FEs
" R T
" I".??‘_‘w. T
N L ;Y SNAE W
Frat ! o e 7| A
EAY W
iy
&

AL

o,
.,

Fig. 6. SEM images with ZnO nanowires growth
with different concentrations of solution: 0.01 M
(a); 0.02 M (b); 0.025 M (c)

From Figure 7 one can clearly see that, with
increasing solution concentration, the nanowires
length ranges from 323 to 667 nm, and diameters
ranges from 12 to 29 nm.
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Fig. 7. Length and diameter of ZnO nanowires
vs the concentration of grown solution

4. Conclusions

A selective growth of 1D nanostructured oxide
materials on glass and silicon substrates was obtained
by combining the direct patterning of ZnO film via

microcontact  printing and  subsequent low-
temperature hydrotermal growth.
The nature of substrate influences the

homogeneity of patterned ZnO film and subsequently
the direction of grown and the aspect ratio of ZnO
nanowires. Ordered and very good quality single-
crystal ZnO 1D nanostructures can be grown from
solution on localized area of substrate patterned by
microcontact printing.
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ABSTRACT

Techniques for the preparation of metallic foams, including casting, powder
metallurgy and metallic deposition, have been reviewed. There is a present interest
in the development of materials capable of plastic deforming to absorb the effects of
shock and impact. Solid foams form an important class of lightweight, cellular
engineering materials to meet these threats. The foam materials themselves may be
divided into two classes according to their morphology. The first group is open cell
structured foams containing pores that are connected to each other and form an
interconnected network. The second class does not have interconnected pores and is
termed as closed cell foams. The paper presents some experimental data for
obtaining aluminum foams with hollow pores by casting techniques. The specific
equipment used for experiments is also described.

KEYWORDS: aluminum, foam, pore, casting technique, equipment, cell

1. Introduction

Porous materials are known to have a high
stiffness combined with a very low specific weight.
The fact that even metals and metallic alloys can be
produced as cellular solids or metal foams is not as
well known as the possibility to foam more traditional
engineering materials such as polymers, ceramics or
glass.

Metallic foams offer interesting perspectives
due to the combination of properties which are related
to the metallic character on the one hand and to the
porous structure on the other hand.

In the past 40 years many attempts have been
undertaken to foam metals or to produce porous
metallic structures.

There is no clear-cut and generally accepted
definition for the term “foam*. First of all, one has to
distinguish between liquid and solid foams. A liquid
foam is a fine dispersion of gas bubbles in a liquid.
Cooling down a liquid foam beneath the melting
point of the respective material yields a frozen liquid
foam which is then clearly a solid foam. What is
generally meant in the context of metallic foams are
in general solid metallic foams.

One could restrict the usage of the word “solid
foam* to materials which originally were in the liquid
state. However, customarily other porous structures
such as sintered metal powders are often also called
“foams* although they were never in a liquid state. So

one often extends the usage of the word “foam“ to
porous metal structures which are no actually foams,
but resemble foams regarding their high porosity, the
inter-connectivity of the solid material and their
irregular structure.

2. Foams made from metallic melts

A first group of foam making processes starts
from the molten metal that is processed to a porous
material by either foaming it directly, by using an
indirect method via a polymer foam or by casting the
liguid metal around solid filler materials which
reserve space for the pores or which remain in the
foam.

Metallic melts can be foamed directly under
certain circumstances by injecting gases into the
liquid. Normally, the gas bubbles which are then
formed in the metallic melt will tend to rise to its
surface quickly due to the high buoyancy forces in the
high-density liquid but this rise can be impeded by
increasing the viscosity of the molten metal. This can
be done by adding fine ceramic powders or alloying
elements which form particles in the melt.

It should be noted that numerous attempts to
foam liquid metals have been undertaken in the 60s
and 70s [1], but apparently the processes then
invented could not be sufficiently optimised to yield
foams of a satisfactory quality and cost. In the past
ten years, however, a number of new developments
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have taken place so that nowadays better production
routes are available.

The second way for foaming melts directly is to
add a foaming agent to the melt instead of blowing
gas into it [1, 2]. The foaming agent decomposes
under the influence of heat and releases gas which
then propels the foaming process. Calcium is used to
stabilise the melt (probably forming an Al,Ca
intermetallic) and titanium hydride TiH, serves as the
foaming agent releasing hydrogen gas when it is
heated. Typical densities are 0.25 to 0.33 glcm®.

The projections of the future fuel crisis, the
requirements of achieving high fuel efficiency along
with higher passenger safety in the automobile
industry, and the needs of creating light weight
construction materials have attracted tremendous
consideration for ultra light weight metallic foams.
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In general, metallic foams possess a range of
thermo-mechanical properties that suggest their
application in areas demanding impact/blast
amelioration, heat dissipation, acoustic isolation and
heat exchange [3, 4].

The projected applications of metallic foams
have already been recognised and a detailed
description of the requirements of various industrial
sectors can be seen elsewhere [1, 3, 4].

Recently, National Physical Laboratory (UK)
made a survey both in industries and in research
institutions to have an idea of potential expectations
from metallic foams.

The survey indicated that the major applications
of metallic foams, around 32%, in the near future
would be directed towards automotive and aerospace
industries (Fig. 1).
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Fig. 1. The implementation of metallic foams

3. Experimental results

Metal alloys can be foamed by mixing into them
a foaming agent that releases gas when heated. The
widely used foaming agent titanium hydride (TiHy)
begins to decompose into Ti and gaseous H, when
heated above about 465°C. By adding titanium
hydride particles to an aluminum melt, large volumes
of hydrogen gas are rapidly produced, creating
bubbles that can lead to a closed-cell foam, provided
foam drainage is sufficiently slow, which requires a

high melt viscosity [5, 6]. The process begins by
melting aluminum and stabilizing the melt
temperature between 670 and 690°C. Its viscosity is
then raised by adding 1-2% of calcium which rapidly
oxidizes and forms fine dispersed CaO and CaAl,O,
particles. The melt is then aggressively stirred and 1—
2% of TiH, is added in the form of 5-20um diameter
particles. As soon as these are dispersed in the melt,
the stirring system is withdrawn, and a foam is
allowed to form above the melt. Control of the
process is achieved by adjusting the over pressure,
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temperature and time. It takes, typically, about ten
minutes to totally decompose the titanium hydride.
When foaming is complete the melt is cooled to
solidify the foam before the hydrogen escapes and the
bubbles coalesce or collapse. The volume fraction of
calcium and titanium hydride added to the melt
ultimately determines the relative density and, in
combination with cooling conditions, the cell size.
The cell size can be varied from 0.5 to 5 mm by
changing the TiH, content, and the foaming and
cooling conditions. In figures 2 and 3 are given some
results of the foam obtained from aluminum alloy
ATSI5Cul in the Casting Laboratory from Materials
Science & Engineering Faculty - Transilvania
University of Brasov.

L -

Fig. 2. Micrography of ATSi5Cul — aluminium
alloy with 1.5 mm average size of pores
B N e
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Fig. 3. Micrography of ATSi5Cul — aluminium

alloy with 2 mm average size of pores

Fig. 4. Experimental equipment —
a). view, b). scheme

All the experimental results are made in a
specially equipment designed by authors — seen in
Figure 4.

3. Concluding remarks

Recent technological advances in the field of
metallic foams have led to the development of a wide
range of processing techniques for the open, as well
as closed cell morphologies.

The processing route has to be decided on the
basis of the cost of production, materials properties,
and the intended applications of the final product.
However, as the cost of production of a good quality
metallic foam is still high, continual innovations are
underway so as to draw maximum benefit by opening
new avenues for a wide range of industrial
applications.
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