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AN ANALYTICAL PROCEDURE FOR THE PREDICTION

OF THE STRESS-STRAIN STATE IN NOTCHES
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ABSTRACT

This work presents an analytical procedure for estimating elastic-plastic
stresses and strains in notched shafts subjected to synchronous non-proportional
torsional and tensile cyclic loading. The specification of the equivalent stress
concentration factor is firstly accomplished. Neuberis rule in conjunction with the
assumed material law provides the relation between the applied loading and the
equivalent stress and strain. Principal stresses and strains yield from the
corresponding equivalent values incorporating Henckyis equations. The
transformation of the principal stresses and strains to the appropriate coordinate
system yields the final result. For the assessment of the analytical procedure, notch
stress-strain results from several finite element analyses of an axisymmetric
cylindrical shaft with a circumferential groove subjected to multiaxial synchronous
fatigue loading are presented. A satisfactory agreement between the analytical and
numerical results is observed.

KEYWORDS: Finite elements, Plasticity, Notches, Analytical model, Fatigue

1. Introduction

Engineering components often provide unavoid-
able local stress concentrations due to notches or
other geometrical discontinuities. Such  stress
concentration sites yield intense cyclic plastic
deformation under service loading, which may give
rise to a drastic reduction in the operational lifetime
of a structure. The understanding of the local stress-
strain responses on the failure-critical areas and a
thorough cognition into the damage evolution process
are ultimate prerequisites to preserve structural safety
in conjunction with design optimization.

Nowadays, extensive literature exists concerning
approximate methods for computing notch stresses
and strains. For the pure elastic case, the quantities of
interest are the stress concentration factors, which
describe the local stress amplification at a notch-root.
Approximate and exact results for  stress
concentration factors can be found in many reference
books [22, 25, 35]. Studies on this subject can be
found in [8, 24, 40]. The corresponding elasticfi
plastic notch problems are, however, much more
complex than those for the pure elastic case. For

uniaxial loading, approximate methods have been
proposed in [5 9, 11, 17, 23, 27, 35, 36].
Applications of Neuberis rule to notch fatigue
analysis have been presented in [34, 37].
Approximate methods for the estimation of multiaxial
stressfistrain have been developed in [1, 2, 5-7, 9, 10,
12-16, 38].

In our previous works [29-32] basic investigations
dealing with the well-known kinematic hardening
rule of Prager-Ziegler [26, 39] in conjunction with the
von Mises yield criterion [19] were investigated.
Prager-Zieleris kinematic hardening rule is capable to
describe linear material hardening in a reliable way.
Therefore, and due to its simplicity, it is implemented
in all common commercial finite element programs.
However, neither the material cyclic stress-strain
curve, nor the hysteresis loop shapes that arise during
the fatigue process can be described with good
precision [18].

Especially in low cycle fatigue with high plastic
strains, as well as in cases with variable amplitude
cyclic loading a linear kinematic hardening model is
not capable to provide a realistic transposition of the
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yield surface within the whole stress spectrum. To
overcome these obstacles, several improvements have
been proposed during the last decades. One way to
cope with these deficiencies is to apply multilayer [4]
or multisurface [21] models. Thus, the curved stress-
strain relations can be sufficiently approximated by
means of multi-segment lines providing the desired
accuracy.

In the present work, an approximate model [28,
32] will be used for computing the complete elasticii
plastic notch stresses and strains. In order to verify
the model, detailed elasticfiplastic FE analyses for a
cylindrical shaft with a circumferential notch are
performed. The elasticfiplastic material properties are
described by the von Mises yield criterion [19] and
the multilayer material model of Besseling [4].
Synchronous non-proportional cyclic tension/torsion
loading with constant and variable amplitudes is
applied to validate the accuracy of the results derived
from the analytical model comparing them with the
corresponding FE results.

2. Problem formulation

Consider an infinite and elastic-plastic cylindrical
shaft with a circumferential groove as depicted in fig.
1.

Le |t

N<—e D, |D ~6~N

M N ‘ My

Fig. 1. The infinite notched shaft

Table 1 includes the geometrical dimensions of
the cylindrical shaft under investigation.

Table 1. Geometrical parameters in [mm]

Shaft Crucial Notch Notch
Diameter Diameter Depth Radius
D D, t P
140 70 35 3

A tensile force N combined with a torsional
moment My are applied on the notched shaft. For
convenience, the nominal tensile stress S and the
nominal shear stress T, instead of N and My are used
as external loads in the analysis, which are related by

B N _ 2My
= T=—"T 1
n(D; 12 n(D; /2y’ @

3. Approximation model

The origin of the analytical model goes back to
the work of Savaidis et al [28, 32]. The model uses

the same input as the well-known model of Hoffmann
and Seeger [12-15] for proportional loading as
starting point. Taking the materialis stress-strain
curve and the notch concentration factors for every
individual loading as an input, two steps are
performed.

Step 1: Relationship between applied load and
equivalent notch stress geq and strain & .

The elastic solution is based on the approximate
uniaxial stressfistrain relation for the equivalent
quantities. The material law in conjunction with the
elastic solution yields the relation between the applied
external load and the equivalent stress, defined by the
equation:

e *
o, g, E
8 E ﬂ,Kp i , )
Oeq S
where the superscript éei denotes the elastic
solution, F is a function of the ratio ng /Jeq and the

plastic limit load factor K, , while S” and ¢ are the
modified nominal stress and strain respectively. In
particular they are defined by

g, * aeeq * —1fa*
p=r, st =l =g (s ) 3)

y P

in which o, is the ultimate limit load and o, is the
load at yield initiation.

Step 2: Derivation of the individual stress and
strain components or principal stresses and strains
from the equivalent stress .4 and strain &

For this, use is made of the yield criterion, flow
rule and the boundary as well as the constraint
conditions at the notch-root. The Prandtl-Reuss law
yields

K

_idseqp
2h oy

deP o', =123, @)

with the plastic tangent modulus h =d o /d &l
while the Henckyis law results in

p
=2 ©
2 0gq

Assume that the directions of the principal
stresses remain unchanged during loading, i.e., ¢; =
const., then the following boundary and constraint
conditions hold at the notch-root: 05=0, €,/e;=const.
The output quantities are the notch stresses ¢;=0,
notch strains ¢; or g, and the directions of the
principal stress axes characterized by the orientation
angles ;.

The non-proportional loading can be classified
into two different categories as illustrated in fig. 4. In
the first loading category, both loading components
are cyclic. In the second loading category, one
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loading component is cyclic, while the other is kept
constant. Three cases are distinguished according to
fig. 2

U Case |: Both components, S and T, are cyclic
and 1=S,/T,=0.65. This case corresponds to a large
amplitude ratio S,/T,.

U Case II: S (or T) is constant while T (or S) is
cyclic, and 0.05=S,/T,=0 (or 0.05=T,/S,=0). This
case corresponds to a small amplitude ratio S,/T, (or
TalSa).

U Case Ill: Both components S and T are cyclic,
and 0.65=S,/T,=20.05. This case corresponds to a
moderate amplitude ratio S,/T,.

With cases I, Il and 11, the complete range of the

The material law of the aluminum alloy Al5083
is considered. The experimentally determined values
of the cyclic hardening coefficient K” and the cyclic
hardening exponent n” amount to K = 544 N/mm?
and n” = 0.075, respectively. The elastic modulus E
and Poissonis ratio v amount to E = 68000 N/mm?
and v = 0.32, respectively.

5. Loading cases

Table 2 summarizes the non-proportional syn-
chronous loading cases investigated here.

Table 2. Loading cases under investigation

amplitude ratio S,/T, is covered. Load c S, T, Seq
case [N/mm?] | [N/mm’] | [N/mm?]
CyC“C S - Monotonic T L1 0 0 225 630 390.8
[ oyliesandT | or [2 | 0623 | 132.269 | 212311 | 3908
Cyclic T - Monotonic S . . . -
‘_\_¢ L3 | 1000 | 195402 | 195402 | 390.8
* L4 1.605 265.626 | 165.499 390.8
Case | Case 11 Case Il L5 | 5.000 | 369.275 | 73.855 | 390.8
S, s, s T L6 10.00 385.070 38.507 390.8
125206510652 2520.091 90552 >0 0r0.052 2 20 T S S
a T, S, D m a eq
[N/mm?] | [N/mm”] | [N/mm?]
Fig. 2. Load case classification within the L7 0 0 390.804 | 3908
framework of the analytical model L8 0623 | 65492 | 265.637 390.8
L9 1.000 | 195.402 | 195.402 390.8
Detailed description how to proceed within each L10 | 1000 | 225255 22.525 390.8

case is given in [28, 32].
4. Finite elements

To verify the analytical procedure, various
numerical analyses for a multiaxially loaded notched
shaft have been performed. For its discretization
13120 solid elements have been applied. Each
element consists of 20 nodes and 14 Gaussian points.
The total number of nodes is 51677. The shaft has
been divided up to 40 cylindrical segments, each
having an angle 6=9°. In the non-linear analysis, a full
Newton-Raphson procedure [3] for all degrees of
freedom has been applied. A section of the shaft is
shown in fig. 3, whereby the element distribution is
distinguished.

Fig. 3. Mesh configuration

Two main loading categories are distinguished in
Table 2: (a) cyclic fully reversed tension-compression
combined with monotonic torsion, and (b) cyclic fully
reversed torsion combined with monotonic tension.
The mean value of the individual cyclic load
component is kept zero in all cases.

For convenience, the ratio c=S,,/T, of the constant
nominal normal stress S, to the nominal shear stress
amplitude T, is used to describe the load situation.
The ratio d=T,,/S, of the constant nominal shear stress
Tm and the nominal normal stress amplitude S, is also
considered. The nominal equivalent stress S, is kept
constant and larger than the value of the material flow
stress oy in all loading cases.

Note that the monotonic loading component acts
first on the notched shaft. When it reaches its pick
value then the cyclic loading component is applied.
Therefore, the attained phase difference between the
two loading components is 90°.

6. Results

Results derived from the finite element analyses
and the analytical model are discussed in this section.
For clarity, each result is specified with a code name;
the first letter refers to the solution method (F for the
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finite element procedure, A for the analytical
procedure). The letter LT follows, denoting loading.
Next, a number (1 to 10) refers to each one of the ten
loading cases presented herein.

The stabilized notch stress-strain curves will be
considered in the following discussions of the results.

Figure 4 shows the t,-y,, results for the loading
case L2.

300 PRI SRS U S ST (ST S S U ST ST S U ST S S S S S TS S ST S U S N
] Constant Tension-Cyclic Torlsion

200 ]

2

[N/mm ]
8
1

yz
o

T

-100 4

-200 4

Fig. 4. Comparison of the t,-yy, hystereses
determined by FE analysis and the analytical
model for the loading case L2

A very good agreement to both stress and strain
results can be observed in that loading case as the two
plotted stabilized t,,-y,, are almost identical.

Figure 5 shows the results for the loading cases
L1 to L6, whereby the influence of the c-value on the
stress-strain behavior is explored.

300 -t ! ! ! ! t ! ! !

-200 4

-300

-0.05 -0.04 -0.03 -0.02 -O.VOl 0.00 001 0.02 0.03 0.04
yz
Fig. 5. Comparison of t,,-y,, hystereses
determined by FE analysis and the analytical
model for the loading cases L1 to L6

Thereby, the value of ¢ increases from 0 (L1) to
10 (L6). In the cases of ¢=5 (L5) and ¢=10 (L6) with
very low cyclic loads, the calculated plastic
deformation is approximately zero. Therewith, the Tt -
Yy response is nearly the same and it follows the
Hookeis law. For c<1.6, where the shear plastic
deformation attains significant values, (small)

discrepancies between the finite element and the
analytical modelis results occur.

It must be noticed that the finite element method
calculates erroneously a radial stress component at
the notch root. This error results from the stress
extrapolation from the inner element Gaussian points
to the corner element nodes. Therefore, according to
the finite element solution the material shows a stiffer
attitude because of the presence of the radial stress
component. Theoretically, no radial stress should
exist at the very notch root, as correctly assumed in
the analytical procedureis formulation. The value of
this erroneous radial stress component increases with
increasing plastic deformations. Therewith, the
observed disagreement between the numerical and the
analytical results becomes more evident for greater ¢
values.

Figure 6 shows the normal stress-normal strain
response (0,-€,) at the notch root for loading case L10.
Herein, the results of the analytical solution as well as
the ones from two finite element analyses are
compared. Each finite element solution corresponds
to a different mesh configuration. The solution
indicated with the letter 1FT in fig. 6 was determined
with the finite element mesh described in section 4.
Another coarser mesh configuration has been created
including only 1360 elements and 6077 nodes, in
order to explore the effect of the radial stress on the
finite element results and on the o,-¢, path. The letter
8Ci in fig. 6 stands for the finite element solution
where the coarse mesh version is applied.

600 1 1 1 1 1

500

1

o 400

300

4

O_ [N/mm

200 f Constant Tension-Cyclic Torsion N

f ——CFL10
100 }

T
0.00 0.01 0.02 0.03 0.04 0.05 0.06

Fig. 6. Comparison of g,-¢, hystereses
determined by FE analyses and the analytical
model for the loading case L10

A stiffer material response is regarded from the
finite element solutions compared to the one derived
from the analytical model. The finite element mesh
refinement results in a subsequent increase in the
number of integration points and therefore decreases
the radial stress component value. That leads to a
numerical solution where the material yields at lower
normal stress values according to von Mises yield
criterion. Nonetheless, the presence of a (erroneous)
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radial stress component -even in the case of a finer
mesh- yields results that differ from the ones derived
from the analytical model.

The significant differences in the calculated
normal strain are due to the assumption that the strain
ratio €,/e; should remain constant throughout the
whole loading history according to the analytical
model. This is valid for elastic stress-strain responses
but not valid in cases where plastic strains are
prevalent like in the loading cases under study.

The 0,-¢, diagram shown in fig. 7 incorporates
results from the finite element and the analytical
procedure implementation for several d-values.

Constlant Tensioln—CycIic Torsion

500

400

300

[N/mm’]

z

o

200 §

100 §

T
0.00 0.01

Fig. 7. Comparison of the o,-€, hystereses
determined by FE analyses and the analytical
model for the loading cases L7 to L10

As d increases successively from load case L7 up
to L10, the observed differences to the calculated
normal strain become more and more significant.
This is due to the gradual increase of ¢&,/e; for
increasing normal load values. This increase becomes
prominent for the sharp notch investigated here
because of the notch constraint.

7. Conclusions

An analytical procedure to evaluate the stress-

strain response in notched components under
synchronous nonproportional loading is assessed
based on numerical results from finite element
analyses for a circumferentially notched shaft
subjected to synchronous non-proportional multiaxial
fatigue loading consisting of cyclic and static load
components. The following conclusions can be
derived from the comparative analyses:
A good agreement between the
analytically and numerically determined shear
stresses and shear strains has been observed even
in loading cases with excessive plastic shear
strain values.

e The application of a finite element mesh
configuration that includes adequate number of
nodes with high node density especially nearby
the notch root is an indispensable prerequisite for
a reliable finite element solution.

e The analytical model as far as the normal

stress fi normal strain path monitoring is
concerned, achieves an acceptable description of
the notch constraint.
Deviations between the analytically and
numerically calculated normal strains exist due to
the assumption of a constant €,/¢;-ratio within the
framework of the analytical procedure, especially
in loading cases causing pronounced plastic
strains.
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ABSTRACT

A research was done to investigate the effect of 0.05...0.25wt.% addition
rate of Ca, Zr ,Al — FeS alloy, in ladle and in-mould inoculation of grey cast
irons. In the present paper, the conclusions drawn are based on thermal
analysis. For solidification pattern, some specific cooling curves
characteristics, such as undercooling degree at the beginning of eutectic
solidification and at the end of solidification, as well as recalescence level,
were identified to be more influenced by the inoculation technique. In order
to secure stable and controlled processes, representative thermal analysis
parameters could be used, especially in thin wall grey iron casting
production.

KEYWORDS: Thermal Analysis, Grey Cast Irons, Inoculation, In-mould

Inoculation, Ladle Inoculation
1. Introduction

Inoculation has a vital role to play in the
continuing progress of cast iron. The objectives of
various additions to the iron melt are to control the
graphite size and shape, to promote A-type flakes
instead of fine under-cooled forms (D-type graphite),
to obtain freedom from chill in thin sections, to
promote uniformity throughout different sections
sizes, to improve machinability and mechanical
properties, etc.

The development of inoculants started by the
control of calcium and aluminium in ferrosilicon and
continued by addition of other active/inoculating
elements, such as Sr, Ba, Zr, Ce, etc. Inoculation
techniques were also continuously improved, in order
to increase efficiency and to reduce the inoculant
consumption, to avoid the fading, etc [1, 2].

The chemistry of the base iron and the treatment
alloys are very important in controling the structure
formation at lower eutectic undercooling conditions.
It was found that Mn and S, strong deoxidizing
elements (Al and Zr) and inoculating elements (Ca,
Sr, Ba, RE etc.) have a key role in complex (Mn, X)S
compounds formation, which act as the major
nucleation sites for graphite in grey cast irons [3-7].

Recently, the thermal analysis became an
important tool to reflect the solidification behavior of
cast irons. The cooling curve itself, as well as its

derivatives and related temperatures and calculated
parameters are patterns that can be used to predict the
characteristics of irons. On the other hand, the use of
thermal analysis can help assess the inoculation
requirements for the melt [7-13].

The current experimental investigation in this
paper was designed to estimate the cooling curves
parameters of low sulphur (0.025%S), low residual
aluminium (0.003%Al), hypo-eutectic grey irons
(3.5-3.6%CE), subjected to in-mould and in-ladle
inoculation by the same type of inoculant (Zr, Ca, Al
- FeSi) added at various rates (000.25wt.%).

2. Experimental Procedure

Table 1 shows the representative experimental
procedure parameters. The charge was melted in a
graphite crucible medium frequency induction
furnace, mainly as a synthetic pig iron contribution,
to ensure a low level of trace elements. It was
obtained a relative low carbon equivalent, hypo-
eutectic base cast iron (CE = 3.55%), at low content
of sulphur (0.025%S) and residual aluminium
(0.003%Al), too.

Thermal analysis was used to estimate and
quantify nucleation characteristics of different
inoculated irons. The thermal analysis was carried out
using shell sand Quick-Cups, with a modulus of
approximately 0.75cm (30 mm diameter bar
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equivalent). The cooling curve and its first derivative

irons, at different inoculant addition rates.

were considered for un-inoculated and inoculated

Table 1.

Experimental Procedure Parameters

Parameters

Values

I. MELTING

1.1. Melting Furnace

1.2. Metallic Charge:
-Synthetic Pig Iron (94%b):
-Steel Scrap (6%0):

1.3. Base Metal

Graphite Crucible Induction Furnace, 10Kg, 8000Hz

3.48%C, 1.72%Si, 0.50%Mn, 0.12%P, 0.025%S, 4.03%CE
0.2%C, 0.3%Si, 0.50%Mn, 0.03%P, 0.03%S

3.02%C, 1.65%Si, 0.49%Mn, 0.11%P, 0.025%S, 0.0026%Al,
0.006%Ti, 0.042%Cr, 0.0078%Mo, 0.028%Ni, 0.044%Cu

Il. INOCULATION
2.1. Inoculant
-System
-Chemistry
-Additional Rate
2.2. Inoculation Technique

Ca, Zr, Al-FeSi, 0.2-0.7mm size
75%Si, 2.2%Ca, 1.5%Zr, 1.2%Al, Fe bal.
0.05, 0.10, 0.15, 0.20 and 0.25wt.%

Cooling Curve Analysis

-In-Mould Quick-Cups [Thermal Analysis System]
-Ladle Ladle addition, after tapping
1. TEST

Shell Sand Cup, 0.75cm Cooling Modulus

A complex inoculant in Ca,Zr,Al i

FeSi system

was used, at various addition rates (000.25wt.%).
Two inoculation techniques were applied, in i mould
(M) and in fi ladle (L) alloy addition, as representative
for high performance grey cast iron production. In the
first experimental program, Zr, Ca, Al - FeSi alloy
was employed at 0.05%, 0.10%, 0.15%, 0.20% and
0.25% levels, into the shell sand cup. In the second
program, a ladle inoculation was applied with the
same prescribed amount of alloy, which was added in
the in-mould/cup tests.

Temperature, T, °C

Time, Ts

3. Results and Discussion

Figure 1 shows the aspect of a typical cooling
curve and its first derivative for a hypoeutectic grey
iron (CE < 4.3%).

The signification of the most important events and
parameters on these curves is included in Table 2 [7-
13].

TAL - temperature of austenitic liquidus, °C;
TSEF - temperature of start of eutectic freezing (eutectic

nucleation),°C;

TEU - temperature of eutectic undercooling, °C;

TER - temperature of graphitic recalescence, °C;

TES - temperature of the end of solidification (end of solidus), °C;
TEM - maximum recalescence rate, °C/s;

Tst - graphite eutectic equilibrium temperature, °C;

Tmst - carbide eutectic equilibrium temperature, °C;

ATm - maximum degree of undercooling (ATm = Tst-TEU), °C;
ATr - recalescence degree (ATr = TER-TEU), °C;

Cooling rate, dt/dt °C/s o

ATs - range of equilibrium eutectic temperature (ATs = Tst-Tmst), °C;
FDES - minimum value of the first derivative of cooling curve on the

Tine, T, s end of eutectic solidification, °C/s;

AT,;=TEU A Tmst; AT,= TER i Tmst; AT;=TES i Tmst

Fig. 1 Typical cooling curve and itsfirst derivative.
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Table 2. Thermal Analysis Parameters of Hypo - Eutectic Grey Cast Irons

Param.

(Fig.1) Signification Comments
Tst Stable (graphite) eutectic *Theoretical temperature for C to precipitate as graphite
equilibrium temperature *1t should be as high as possible [Tst = 1153 + 6.3 (%Si)]
Tmst Metastable (white) eutectic *Temperature when C is chemically combined with iron (FezC)
equilibrium temperature *1t should be as low as possible [Tmst = 1147 - 12 (%Si)]
AT Range of equilibrium eutectic *ATs should be as large as possible
temperature [ATs = Tst - Tmst] *Favourable elements: Si, Ni, Cu, Co, Al
Liui *First arrest temperature (no recalescence has occurred)
iquid temperature commences | . - A
TAL solid precipitation, as pro- eutectic The first derivative is zero .
austenite ! *TAL should ha\_/e a well-defined pIaFeau, 2-1_0 sec
*TAL can sometimes be reduced by inoculation
Temperature of the start of eutectic *Derivative has a minimum, between TAL and TEU, grey iron.
TSEF - -
freezing (nucleation) *1t should not be too deep
*The minimal point from which the temperature is increasing
TEU Lowest eutectic temperature *The first derivative is zero
*Inoculation increases TEU [TEU, about 25°C above Tmst]
*The maximum temperature after the increase in temperature
TER Highest eutectic temperature *The first derivative is zero
*High cooling rates may not achieve this temperature
*Comparing to graphite eutectic temperature (Tst)
*The maximum eutectic undercooling
*A high undercooling means:
Conventional eutectic undercooling -D-graphite might develop
ATm degree -More austenite, risk of macro-shrinkage and outer sunk
[ATm = Tst - TEU] -Free carbides (chill) if ATm > ATs
*Higher the ATm of base iron, the higher the need for
inoculation: base iron, ATm = 20035°C, as normal value
*Inoculation reduces eutectic undercooling
*Beginning of eutectic reaction
AT Undercooling comparing to Tmst *Carbides (chill), if AT; <0 [TEU < Tmst]
! [AT,;=TEU - Tmst] *Undercooled graphite (D-type) if AT, > 0 [TEU close to Tmst]
*Inoculation increases AT, parameter [AT; > + 20°C normally]
Undercooling comparing to Tmst *End of eutectic reaction, no white iron if AT, >0
AT, [AT,= TER - Tmst] *Higher AT,, lower incidence of D-type graphite
2 *Inoculation increases AT, at lower power comparing to AT,
*1t reflects the amount of austenite and graphite that are precipitated
during the first part of eutectic freezing
AT Recalescence Degree *Too high recalescence might be harmful, in soft moulds
' [ATr=TER - TEU] *|deal values depend on the type of mould and the casting
modulus: ATr = 205°C, as a guideline
*Inoculation normally reduces recalescence
Temperature of the end of “All metal has solidified . . A
TES solidification (solidus) *Lowest value of the negative peak on the first derivative
*Lower (TES), higher sensitiveness to contraction defects
AT3 *Usually at negative values, as TES < Tmst
Undercooling at the end of *Intercellular carbides, inverse chill and micro-shrinkage
solidification occurrence, especially if AT; > 20°C (more negative)
[AT3;=TES - Tmst] *Inoculation normally decreases AT3 and the incidence of
contraction defects
*The depth of the negative peak
FDES The depth of the first derivative at | *It should be less than -3.5 (i.e. deeper) for grey irons (high
solidus amount of graphite at the end of solidification)
*Inoculation normally has a positive influence
TEM Maximum recalescence rate *Maximum value of the first derivative between TEU and TER

There are many elements which individually have
on the
(Tst)

favourable
equilibrium

influence
stable

or unfavourable
temperatures in

metastable (Tmst) systems (Table 3).

Silicon appears to be the most important
influencing element in un-alloyed irons especially at
very low content of trace elements [Tst = 1153 + 6.7
(%Si); Tmst = 1147 fi 12 (%Si)] [8,9].

and
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Table 4 includes the most important experimental

i.e. the inoculation technique (in-mould/cup and ladle

parameters, as thermal analysis data, while Figures 2  inoculation) and the inoculant addition rate
and 3 illustrate the effects of the two major influences,  (000.25wt.% alloy), respectively.

Table 3. Favourable and Un-Favourable Elements as ATs = Tst - Tmst Influence
Equilibrium Favourable Elements Un-favourable Elements
Temperature Elements Action Elements Action

Tst Si, Ni, Cu, Co, Al, Pt | increase Tst gr: \S/b-l\—llv'\:/lng I\F/)Io, decrease Tst
Tmst gln ’;II') \(/:Vlf’MCg(?’PMn’ decrease Tmst Cr, V, Ti, Al, Pt increase Tmst
Table 4. Thermal Analysis-Representative Parameters
Inoculation ATm= AT, = AT, = ATz = | ATr=
Addition TOEU TOER 'I;ES Tst i TEU - TER- TES- | TER- FODES
(wt. %) Type (°C) °C) (°C) TEU Tmst Tmst Tmst TEU (°Cls)
(C) (C) (C) (C) (C)
ULl M 11247 | 1125.1 1100.2 38.9 -3.3 -2.9 -27.8 - -2.3
B L 1122.8 | 1125.2 1089.9 40.8 -5.2 -2.8 -38.1 2 -1.79
0.05 M 11325 | 11415 ubD 31.3 49 13.9 ubD 9 uD
' L 1123.6 | 1127.3 1093.9 40.2 -4.0 -0.3 -33.7 4 -2.12
0.10 M 11335 | 1142.3 1106.3 30.6 6.4 15.2 -20.8 9 -3.13
L 1127.9 | 1134.9 1094.4 36.2 0.8 7.8 -32.7 7 -2.40
015 M 1135.4 | 1140.6 1107.2 28.9 8.7 13.0 -19.5 5 -3.13
L 1130.1 | 1137.6 1097.4 34.2 3.4 10.9 -29.3 8 -2.88
0.20 M 1135.3 | 1140.1 1104.1 29.3 9.1 13.9 -22.1 5 -2.77
L 1132.8 | 1139.1 1101.2 31.8 6.6 12.9 -25.0 6 -3.22
0.25 M 1136.4 | 1140.2 1105.1 28.4 10.6 14.4 -20.7 4 -3.23
L 1133.2 | 1138.8 1100.8 31.6 7.4 13.0 -25.0 6 -3.45

*M-In-mould/cup inoculation; L-ladle inoculation.

The most pronounced effect of inoculation is that
the temperatures of eutectic undercooling (TEU) and
graphite recalescence (TER) are increased. When
TEU is reached, the generated heat from released
specific heat and latent heat (from the first austenite
dendritic solidification and latent heat from the start
of eutectic freezing) just balance the heat losses. The
eutectic reaction then occurs and the released energy
causes the temperature to rise until TER is reached.
Un-inoculated irons are characterized by low TEU
and TER temperatures.

Although inoculation increases both of these
temperatures, the amount of the increase is dependent
on the inoculant addition rate and inoculation
technique. TER level is stabilized in a shorter time
comparing to TEU level, as inoculant addition rate
increases, especially for in-mould/cup treatment.
Conventionally, undercooling is defined with
reference to the graphitic equilibrium eutectic
temperature (Tst), as ATm = Tst - TEU. If TEU is
closed to white eutectic temperature but above it
(TEU > Tmst) then undercooled graphite might
develop. Free carbides occurrence is typical for TEU
< Tmst condition. The importance of the position of
the start of eutectic reaction (TEU) comparing to
metastable (white) eutectic temperature (Tmst) is

revealed by AT, = TEU A Tmst. For the end of
eutectic reaction temperature, AT, = TER - Tmst
parameter was introduced.

The efficiency of inoculation is measured by its
ability to decrease the ATm level and to increase the
AT, and AT, levels, respectively (Table 4, Figure 2).

In all cases, the in-mould/cup inoculation is
clearly more effective compared to ladle inoculation,
represented by variation of the AT, and AT,
parameters. In both experimental programs, the un-
inoculated irons start and end the eutectic reaction in
the white iron field (AT, < 0, AT, < 0). Inoculation is
known to move the solidification pattern to the grey
iron feature. The increasing of the alloy addition rate
led to the increasing of the distance of the both TEU
and TER events, from the metastable (white) eutectic
temperature. In mould/cup inoculation appears to be
more efficient compared to ladle inoculation at low
inoculant addition rates, such as 0.05-0.10wt.% level.
No big difference in efficiency from the inoculation
technique was found for more than 0.20wt.% alloy
addition rate. Generally, the efficiency of 0.05-
0.15wt.% alloy for in-mould/cup inoculation is
comparable to or better than 0.15-0.25wt.% additions
in ladle inoculation procedures.
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The difference between un-inoculated and  but especially at lower levels (less than 0.20wt.%).

inoculated irons is strongly affected by the alloy
addition rate, much more for ladle inoculation as the
lowest eutectic temperature (TEU) shows (Fig. 3).
Late inoculation technique is consistently at higher
efficiency for the entire range of inoculant additions,

Late inoculation technique is characterized by lower
eutectic undercooling degree (ATm) and higher
inoculation index (I,) level, respectively (Fig. 4).

In many cases, graphitic recalescence (ATr = TER
- TEU) is also an important parameter to evaluate the
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behavior of inoculated irons. It is a function of the
amount of austenite and graphite that are precipitated
during the first part of eutectic freezing. The higher is
recalescence, the higher is the probability for micro-
shrinkage and porosity occurrence, especially in soft
moulds media, such as green sand moulds (high metal
volume expansion). Figure 2 shows the evolution of
the level of recalescence (ATr), as inoculant addition
rates increase. A peculiar difference appears in the
behavior of in-mould/cup and ladle inoculated irons.
At no more than 0.1wt.% alloy addition, high
recalescence level characterizes the in-mould treated
irons especially due to the higher TER temperature.
An opposite result was obtained for these two
inoculation techniques at more than 0.10wt.% alloy
addition rate, when higher recalescence was typical
for ladle inoculated irons. Lower differences were
obtained between the two techniques for more than
0.20wt.% inoculant.

White iron solidification as intercellular carbides
or/and inverse chill formation is also dependent on
the position of the temperature of the end of
solidification (TES), compared to the metastable
(white) eutectic temperature (Tmst). Figure 2
illustrates the evolution of the TES, its position given
Tmst (AT; = TES - Tmst), as the inoculant addition
rate increases. Because this difference (ATs
parameter) is generally more than 20°C, these irons
will be sensitive to chill tendency and micro-
shrinkage formation.

Beneficial end of solidification means high
solidus temperature and low level of the AT;
parameter (usually at low negative value, as TES <
Tmst in the most of cases). A low value of FDES
(more negative level) is also favourable as it is
correlated to a high amount of graphite at the end of
freezing. Increasing of the alloy addition rate
improves the behavior of irons at the end of
solidification but in a different manner for in
mould/cup and ladle inoculation methods. 0.10-
0.20wt.% inoculant stabilizes the representative
solidification parameters at a favourable level for in
mould/cup inoculation comparing to 0.20-0.25wt.%,
for ladle inoculation.

4. Conclusions

*The present study clearly indicates that thermal
analysis methodology can be very successfully used
to optimize and control the complicated cast iron
solidification processes;

*Eutectic undercooling degree of the electrically
melted base iron having 0.025%S, 0.003%Al and
3.5%CE is excessively high (39-40°C), generating a
relatively high need for inoculation;

*Under these conditions, the in-mould inoculation
had a significant effect compared to ladle inoculation,
inclusively at lower inoculant usage (less than
0.20wt.%);

*Lower levels of eutectic undercooling (ATm),
recalescence (ATr) and the undercooling at the end of
solidification (ATs) are characteristic for in-mould
treatment at lower inoculant addition rates;

*The difference between un-inoculated and
inoculated irons is strongly affected by the alloy
addition rate, much more so for ladle inoculation.
*Generally, the efficiency of 0.05-0.15wt.% alloy for
in-mould inoculation is comparable to or better than
0.15-0.25wt.% addition in ladle inoculation
procedures;

*The Ca,Zr,Al-FeSi alloy appears to be efficient in
low S, low Al, low CE hypo-eutectic grey cast irons,

especially for late inoculation.
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ON THE CONSTITUTIVE EQUATION OF A LOW CARBON STEEL
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ABSTRACT

The paper shows the results of the researches concerning the equation of
deformation behavior of low carbon steel. The behavior law is established starting
from the experimental torsion moment. The composed constitutive law had very

good experimental verification.

KEYWORDS: constitutive equation, torsion test, stress intensity, strain intensity

1. Introduction

The establishing of the equation of plastic
deformation behavior is a process of transformation of
the torsion moment function in the stress intensity
function, respectively, the equation between the stress
intensity, strain, strain rate and temperature [1]:

o=0o(e.&T) (2)

In this equation o is the stress intensity in the real
deformation conditions, ¢ - strain intensity, &- strain
rate intensity, T fi temperature.

M (g,&T)=

In this equation A; and A, are function of the
strain rate and temperature, € is the strain intensity, &
- strain rate intensity, T fi temperature, m fi exponent
of the strain rate, Q fi activation energy, R fi perfect
gas constant.

2. Experimental results

The first expression is valuable for the small
values of the strain and the second for the great values
of strain.

The calculus demonstrated that the good value of
the factor n for the description is of 0.82.

Using this value for n and the experimental
values from the torsion moment diagrams we

A (L-exp(-ne) @” exp %

A, exp —p £-¢, (B)ﬂ exp

This paper it presents the results of researches
effectuated for transformation of the torsion moment
diagrams, in the aim of establishing the equation of
plastic deformation behavior for low carbon steel.

The influence of the strain rate and temperature is
defined by the equation [1]:

4949,259
b bt 2
22

The function of the stress intensity is defined by
the equation (3):

M e =0,081786 &115973 exp

fore< €0

mo )

>
RT for ¢ £o

obtained the values of A; factor which are rendered in
figure 6.

The factor A; increases at the increasing of the
temperature. The variation of this factor with the
strain rate is a function with minimum.

Using the statistic calculation program and
adopting a polynomial function we obtained the
following expression:

A =a+h &c &+d T+e T2 4)
The constants have the values:
a=-25.8439
b=-0.67378
¢ =0.323974
d =0.064487
e =-3.33E-05
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The coefficient of multiple determination (R"2) =
0.8933896392.

s LT TR ) R ot L e P L

Fig. 6. The variation of the factor A; with the &and T

At the great strains we must use the second
expression for calculus of the stress intensity. This
expression shows that the values of the stress
decrease exponentially with the strain because of
thermal deformation effect. The thermal effect is
greater at the great values of the strain rate.

amd Dwe u
almily —

Taking the values for the maximum torsion
moment and what corresponds to the strain equal to 1,
we obtained the values of the factor p rendered in the
graphic in figure 7.

This factor increases with the strain rate and
temperature.

Wadel o

s
o -:'w-:lp
15033

Fig. 7. The variation of the factor p with the strain rate and temperature

The function of the p has the expression:

p=a b®T° ®)
The constants from this equation have the values:
a=5182737
b =2.006384
c=-2.52708

-18 -

The coefficient of Multiple Determination (R"2) =
0.9992338986

The factor A, is defined in function of the
maximum values of the torsion moment. We obtained
the values of this factor which are remade and
rendered in figure 8.

The function of the factor A, has the expression:

A =a+h &c &+d T+e T°+f &T (6)
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The constants from this equation have the values:
a=-0.33971
b =-0.04087
¢ =0.000952
d =0.005274

Ipol Data L

A+l #r e T+ il A T I T T T —— i

e = -5.31E-07
f = 3.20E-05
The coefficient of multiple determination (R"2) =
0.9473061163

kadsl sb®e" —t Dl g 1 e e e 1D

0 i

o
(5FIrL]

Fig. 7. The variation of the factor A, with the strain rate and temperature

It may be observed that the mathematical model
defined based on experimental data has a good
verification, the coefficients of multiple correlation
have great values.

For the practical calculus is necessary the
constitutive equation of the material defined as the
function of the stress intensity in correlation with the
plastic deformation factors: strain intensity, strain rate
intensity and temperature.

Therefore the transforming of the equation of the
torsion moment is necessary.

The stress intensity is defined in function of the
torsion moment using the general transforming
equation of:

=

a(e,&T):

=

RS

N

In this relation R is the radius of the sample used
at the experimental researches, the torsion testing.

(l+m) A {L-exp(-ne) (?8)“ exp %

(L+m) A, exp -p e-¢, t exp 19 for £>¢

a:—‘/g am + &M o OM @)

It is evident that the stress intensity is defined
identically with the torsion moment.

Taking the expression of the dependence of the
torsion moment in function of the strain rate, the
second factor from parentheses has the value equal to
m.

Respectively, we have:
oM
&—=m
0&
Thus the expression for the calculus of stress

intensity, starting of the equation (3) becomes:

fore< £0
(8)

RT

Finally, the expression (8) will be used at the
modeling of the deformation process.
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4. Conclusions

The knowledge of the constitutive equation of the
material is necessary for the modeling, simulation and
optimization of the plastic deformation process. The
best method for establishing the constitutive equation
is the torsion testing.

Applying a research program at the torsion testing
machine in the Plastic deformation laboratory at the
Faculty of Metallurgy and Materials Science from
Dunarea de Jos University of Galati was it
established the constitutive equation of a low carbon
steel with great mechanical characteristics. The
constitutive equation shows that the influence of
strain rate is described by the power mathematical
relation, the influence of the temperature is described
by an exponential function.

The strain has a complex influence described by a
compose function.

References

[1]. Canandu N., 1994, Teoria deformarii plastice, Universitatea
Dunarea de Jos din Galati

[2]. Dumitrescu A.T., 1986, Contributii la modelarea laminarii in
calibre. Teza de doctorat, Institutul Politehnic Bucuresti

[3]. Corobete, G. 2006, Contributii la cercetarea procesului de
laminare a sarmelor din otel cu caracteristici mecanice superioare.
Teza de doctorat, Universitatea Dunarea de Jos din Galati

[4]. Moussy F., Franciosi P., 1990, Physique et mecanique de la
mise en forme des meteaux. Presses du CNRS, Paris, ISBN 2-
87682-023-4

[5]. Cananau N., Petrea I, Corobete G., 2005, Modelling of the
flow and deformation fields at the profiles rolling by field lines
method , The Annals of iDunarea de JosT University of Galati,
Fascicle IX.

-20-



THE ANNALS OF iDUNAREA DE JOST UNIVERSITY OF GALATI.
FASCICLE IX. METALLURGY AND MATERIALS SCIENCE
N°. 2 fi 2008, ISSN 1453 fi 083X

CONTRIBUTIONS IN THE DOMAIN OF THE CONTACT
STRESSES BETWEEN CYLINDERS OF COLD ROLLING

A D. MAI MON!,

D. BOAZUW?, L. STO CESCV

'ARCELOR fi Mittal Steel Galati
%iDundrea de JosT University of Galati
email: dboazu@ugal.ro

ABSTRACT

Elasto-plastic contact stresses between working cylinder and support cylinder of
cold rolling using FEM are presented in this paper. Pressure and tractions resulted
from the rolling process were obtained by using a calculus program and they were

used as loads on a working cylinder.

KEYWORDS: cold rolling, elasto-plastic contact stresses, rolling process

1. FEM model of contact between
working cylinder (585mm) and support
cylinder(1525mm) of cold rolling

For the modelling process COSMOS/M version
2.5 was used. The two cylinders were modelled using
PLANE2D (plane strain) elements with 4 nodes and
two degrees of freedom per node. 2D model is
represented in Fig. 1. A zoom of fin mesh in the
vicinity of contact between the two cylinders is
presented in Fig. 3 and the mesh in loading zone (load
is given by normal and tangential pressure from

A -
T T
&3

Fig. 1. FEM model be

rolling process) is represented in Fig. 2. The whole
model has 14517 nodes and 17101 elements.

One node GAP elements (in 2D node-line contact
elements) were used for transmission of stresses and
deformations through contact zone.

The two cylinders were considered supported by
elastic elements whose rigidity is given by that of the
rolling system. Working with GAP elements imposed
an incremental loading and so the analysis is static
but nonlinear.

The contact between cylinders is a non-
conforming contact problem because the extension of
contact zone is not known from the beginning.

t-vv_e.em.c;rking cylinder and support cylinder of cold rolling.
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Fig. 3. Mesh in contact zone between the two cylinders

2. Material model

The elasto plastic behaviour of material (special
steel) of the two cylinders was considered von Mises
with isotropic hardening. Principal parameters of
material model are: Young modulus E=2.1 10
daN/mm?, Poisson ratio 0.3, yield stress 73 daN/mm?,
and tangent modulus 20daN/mm?).

3. Studied cases

It was analyzed two cases with the 5 phases of
sheet thickness reduction. (17.7%, 20.6%, 24.2%,
20.8, 17.5%). In the first case the friction coefficient
was considered p=0.1 and in the second case friction
coefficient was considered u=0.075. The width of the
sheet was considered 1250mm.

The loading conditions for cold rolling were
established according to reference [3].

For these analyzed cases the equivalent von Mises
stress distribution and principal stresses are
represented in Fig. 4-8 (u=0.1) and Fig. 9-13

(1M=0.075). The extension of contact zone is of 40mm.
The contact stain extends to about 40 mm.

The results of nonlinear analysis are given in
Table 1 (Case 1 (u=0.1)) and Table 2 (Case 1
(1M=0.1))-von Mises stresses from contact zone (oech

- for working cylinder) and (ocech - for
supporting cylinder) and principal stresses in the

contact zone 01,02,03. The stress state in the

vicinity of contact is 3D. In Tables 1 and 2 principal
stresses 01 < 02 < 03 are negative values and the

biggest one JS is considered the contact stress

(Hertzian pressure). The equivalent von Mises stress
was evaluated at a distance of 2 mm from contact
effective zone, because in the contact zone the
components of deviator tensor are unmeaningful.

The influence of friction on loading and contact
behaviour was considered by modifying friction
coefficient (u=0.1 for dry friction) and (u=0.075 for
lubrification).

The equivalent von Mises stress is calculated
using the formula:
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VON = {(1/2)[(0x - Oy)* + (0x - 02)°+ (Oy - 02)°]

VON = {(1/2)[( 01 - 02)2 + (01 - 03)2 + (02 -

+ 3(T2XY + TZXZ + TZYZ)}(JJZ) 0.3)2]}(1/2)
Or by means of principal stresses:
Table 1
- 2 oech 0-l,max O-2,max O-3,ma><
Case 1 (=0.1) oech [daNmMmT | rionymm?] | [daN/mm?] | [daN/mm?] | [daN/imm?]
Phase Al 72.95 72.95 79.95 117.97 150.91
Phase A2 73 73 150.4 178.9 2155
Phase A3 73 73 156.068 184.79 230.258
Phase A4 72.99 72.99 130.989 146.134 200.24
Phase Ab 73.563 73.563 253.754 289.142 330.84
Table 2
— 2 GeCh ol,max C)'Z,malx c)-3,max
Case 1 (4=0.075) oech  [daN/mm’] [daN/mm?] | [daN/imm?] | [daN/mm?] | [daN/mm?]
Phase F Al 72.953 72.953 73.389 108.123 136.507
Phase F A2 72.890 72.890 81.960 118.186 153.887
Phase F A3 73.044 73.044 141.576 172.475 217.362
Phase F A4 72.937 72.937 105.476 129.328 169.797
Phase F_ A5 73.036 73.036 167.813 197.075 241.869
Law Hlaan
- ANAAR
HI.22080
R e 1)
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B b
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Fig. 4a. Case 1 (¢/=0.1) Phase Al Fig.4b. Case 1 (1/=0.1) Phase Al
von Mises stress rincipal stress o3
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L

Fig. 5a. Case 1 (1/=0.1) Phase A2

von Mises stress
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Fig. 5b. Case 1 (/=0.1) Phase A2
principal stress o3
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Fig. 6a. Case 1 (=0.1) Phase A3 Fig. 6b. Case 1 (/=0.1) Phase A3
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Fig. 7a. Case 1 (1/=0.1) Phase A4 Fig. 7b. Case 1 (1/=0.1) Phase A4
principal stress o3 principal stress o3
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Fig. 8a. Case 1 (¢/=0.1) Phase A5 Fig. 8b. Case 1 (=0.1) Phase A5
principal stress g3 principal stress o3
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Fig. 11a. Case 2 (1/=0.075) Phase F_A3
principal stress g3

Fig. 9b. Case 2 (/=0.075) Phase F_A1l
rincipal stress o3

Fig. 10b. Case 2 (1/=0.075) Phase F_A2
principal stress g3

Fig. 11b. Case 2 (1/=0.075) Phase F_A3
principal stress g3
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Fig. 13a. Case 2 (1/=0.075) Phase F_A4
principal stress o3

4. Conclusions

From Fig. 14 one can observe that contact
stresses are bigger when the rolling process is not
lubrificated.

-

daklnnm=
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Fig. 14.

Fig. 12b.Case 2 (/=0.075) Phase F_A4
principal stress g3

Fig. 13b. Case 2 (1/=0.075) Phase F_A4
principal stress o3

For all loading cases there are important plastic
zones of elliptic shape. In the worst loading case
(Case 1 (u=0.1) Phase A5 - see table 1) this elliptic
region is determined by the two semiaxes of 30mm
and 25mm; the eccentricity of this plastic zone in
respect to vertical axis of the two cylinders is about
40mm.
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ABSTRACT

In the present paper there are presented results of investigations on samples of
partially removable denture made of cobalt base alloys (Co-Cr-Mo) regarding
specific structural analysis: determination of structural phases by quantitative and
qualitative microstructural analysis, microhardness determinations versus different
casting parameters [1,2,3,4]. By metallographic analysis some important structural
aspects may be pointed: the presence of lace eutectic and carbides with
discontinuous precipitation in metallic matrix, non-uniform dendritic structure with
interdendritic micro-porosities, interdendritic cracks in a structure with fine lace
eutectic. Different types of welding were tested, which gave both structural
modification and morphology of constituents. Structural modifications which can be
made for repairing of prosthesis may diminish mechanical properties of prosthesis,
microhardness values of two cobalt base alloys welded by laser technology being
high, which may confer a brittle behaviour.

KEYWORDS: denture prosthesis,

microhardness

1. Introduction

Cobalt based superalloys continue to be used with
great interest in dentistry due to simultaneous
properties, such as: high mechanical characteristics
(yielding strength, ultimate strength, hardness),
biocompatibility, or wear resistance [1,2,3,4,5]. In
dentistry cobalt is still used for realizing partial or
total prosthesis. The most used cobalt base alloy for
dentistry is Co-Cr-Mo with a carbon content of about
0,03%. The problems which are met during casting of
prosthesis are connected to crack susceptibility and
brittle behaviour after a rather short time of
prosthesis working. Present paper is focused on
structural modification analysis of different cobalt
alloys used for denture prosthesis.

2. Experimental Methods

In the present paper there are presented results of
investigations on samples of partiallz removable
denture made of cobalt base alloys (Co-Cr-Mo)
regarding specific structural analysis: structural
phases (by X-Rays diffraction), gquantitative and
qualitative microstructural analysis, microhardness
determinations versus different casting parameters

cobalt base alloy, structural analysis,

-27 -

[1,2,3,4]. Since the interdendritic phases are
associated t reduced ductility and reduced corrosion
resistance, cast Co-Cr-Mo is the typically solution
annealed at approximately 1225°C. Such a thermal
treatment results in the transformation of o phase to
M,3Cg and the partial dissolution of the M,3Cg phase.
It was determined that 1225°C is the optimal
temperature for annealing since, at this temperature, a
complete and rapid transformation of the carbides
M,3Ce to MgC or @ occurs. Solution annealing for
extended times (24-48h) leads to a homogeneous
microstructure. The CoCrMo alloy used in dentistry
is particularly susceptible to work-hardening so that
the normal fabrication procedure used with other
metals cannot be employed.

The experimental alloys were cast

investment casting method, following the steps:
1. A wax pattern of the desired component was made.
2. The pattern was coated with a refractory material,
first by a thin coating with a slurry followed by
complete investing after drying.
3. The wax was melted out in a furnace (100-150°C).
4. The mold was heated to a high temperature
burning out any traces of wax or gas-forming
materials.

by a
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Fig. 1- Caloris CD 1016 Heating Furnace

5. Molten alloys were poured with gravitational or
centrifugal force. The mold temperature was about

800-1000°C and the alloy was at 1350-1400°C, in
figure 1 being shown the experimental furnace.

Controlling the mold temperature will have an
effect on the grain size of the final cast; coarse ones
are formed at higher temperatures, which will
decrease the strength. However, high processing
temperature will result in larger carbides precipitates
with greater distances between them resulting in a
less brittle material.

X-Rays diffraction was made on DRON 3 device,
qualitative and quantitative microstructural analysis
was made on REICHERT microscope equipped with
IMAGE fiPro software for analysis. Different types
of welding were tested, which gave both structural
modification and morphology of constituents.

3. Results and Interpretations

Results concerning the chemical composition of
the experimental alloys are given in table 1.
Macroscopic analysis of the experimental alloys is
shown in figure 2.

Table 1. Chemical composition of the experimental cobalt base alloys

Experimental Chemical Composition, %
alloys C Cr Mo Ni Fe Mn Si Co
A 0.29 26.5 5.35 0.60 0.64 0.67 0.97 Rest
B 0.35 26.4 5.38 0.85 0.74 0.63 0.89 Rest
Welded prosthesis 0.05 28.9 5.6 0.21 0.17 0.79 0.49 Rest
IS0 5832 /4/ Max 0.35] 26.5-30 | 4.5-7 | Max 1.0 | Max 1.0 | Max 1.0 | Max 1.0 Rest

Welded prosthesis
Fig. 2. Macroscopic aspects of experimental cobalt samples for dentistry applications.
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The microstructure results of the as - cast alloys
are shown in Figures 3 (a), consisted of cobalt-rich
FCC matrix dendrites and a very fine interdendritic
eutectic. In the high carbon alloy, slow cooling from
below the eutectic temperature gave rise to relatively
coarse grains, continuous grain boundary carbide
films, and interdendritic blocky carbides. In alloy B it

was observed non-uniform dendritic structure with
interdendritic microporosities (figure 3 b, ¢). By
welding of the samples of Co-Cr-Mo it can be studied
the structural modifications which can be made for
repairing prosthesis, it is given in figure 3d and 3e
interdendritic cracks in a structure with fine lace
eutectic.

Fig. 3. Microstructural aspects of different samples of Co-Cr-Mo alloys used for dental applications
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Fig. 4. X-Ray Diffractions of experimental alloys.
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The eutectic presented in experimental alloys was
identified as a mixture of M,3Cs, 0 phase and FCC
Co-rich phase, it is illustrated in figure 4. By heating
the cobalt sample at different temperatures,
respectively 825°C, 950°C and 1100°C two structural
parameters were studied. Results concerning the

influence of heat treatments on grain size are given in
figure 5 and results concerning the influence of heat
treatments on precipitation size are shown in figure 7.
Results concerning microhardness values of two
cobalt base alloys welded by laser technology are
illustrated in figure 7.

400
350 - |—0—aIIOyA alloy B =#=—welded Prosthesis!
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Fig. 5. Influence of heating temperature on grain size of experimental cobalt alloys
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Fig. 6. Influence of heating temperature on precipitation size of experimental cobalt alloys
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4. Discussions

For both carbon contents, alloy heating at 815(C
produced a fine carbide precipitate and fine figrained
structure with a relatively large volume fraction of
precipitates confined to the grain boundaries. The
obtained microstructures were in agreement with
those reported in a previous work. Furthermore,
heating at 8150C led to relatively large stacking fault
densities coupled with intragranular striations. These
striations became apparent after preferential
precipitation of carbides on the stacking faults. The
precipitation reactions can be attributed to preferential
solute diffusion to the stacking faulted regions due to
the local hexagonal crystal structure. Also, carbide
precipitation in favoured at hcp Co{0001} planes,
which are nearly identical to Mj3Ce{111} planes.
Alloy heating at 950 °C induced a transition in the
precipitate morphology, nucleation seems to occur at
undissociated dislocations, whereas growth takes
place along distinct crystallographic  planes,
predominantly of the {111}type. During heating at
1100°C, precipitate spheroidization is dominant in
both alloys.

The different precipitate morphologies associated
with the implemented heats are responsible for the
final microstructure obtained after solutioning at
1225°C. Apparently, heating at 815°C prior to
solutioning inhibited, up to a certain extent, grain
growth in both alloys. It is well known that a fine
distribution of precipitates can effectively pin grain
boundaries during grain growth, in so far the particles
do not dissolve nor coarsen at the temperatures of
interest.  Assuming that appreciable carbide
dissolution occurs at 1225°C the interaction between
moving boundaries and solute also contributes to
limiting grain growth. Grain growth was effective in
the alloys previously heated at 950°C or 1100°C.
Apparently, in these heats, the intrinsic differences in
carbide morphology (type) and distribution were
responsible for the lack of substantial grain boundary
pinning. Furthermore, at 1225°C, grain boundaries
become preferred sites for carbide coarsening,
promoting the development of continuous films in the
950°C and 1100°C annealing.

These structural changes may explain the grain
size and precipitation size modifications at different
temperatures heating.

That is why by increasing the temperature, both
grain size and precipitation size may increase, due to
fill forming and grain growth.

5. Conclusions

U Optical microscopy observations indicated that
Co-Cr-Mo-C alloys fabricated by investment
castings exhibited large microstructural defects,
which included interdendritic carbides, solute
segregation, relatively large grains, and porosity.
These microstructural defects tend to promote
crack initiation and growth and explain the poor
ductility and strength exhibited by as-cast alloys.

0 The tensile properties of the heat-treated alloys
exhibited significant improvements in ductility
and strength when compared with the as-cast
counterparts. The main effect of alloy preheating
was manifested as a removal of the extensive
interdendritic ~ carbide  precipitation  and
appreciable break-up of the dendritic grain
structure. This leads to the development of a
homogenous equiaxial grained structure and the
consequent  improvement in  mechanical
behaviour (by microhardness measurements).

0 By welding with different laser technology, the
materials for dental applications may be repaired.
Cracks may appear either due to casting
technology, or to welding by laser.
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ABSTRACT

The main objective to increase CC productivity as well as steel quality by using
optimized refractory from ladle-tundish-to-mold lead to techniques that allow the
prediction of steel and refractory chemical interactions as well as mechanical
behavior of refractory component. Specific models (CFD) have also been
developed to better take into account the physical parameters at the steel/refractory
interface and to optimize steel flow control. They are completed by dedicated
thermal stress analysis in order to improve thermal shock resistance. The
mechanical Finite Element Analysis evaluations take into account specific
mechanical behavior of refractory components as well as high temperature
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evolution of their properties.

KEYWORDS:
mechanical behavior

1. Introduction

To improve the performances of steel flow
control, new approaches have been developed in
order to better understand the high temperature
behavior of refractory components.

One of the main objectives was to precisely
evaluate steel refractory interaction to determine
corrosion mechanisms. This has been achieved by
coupling specific experimentation and
thermodynamic evaluation. A second objective has
been to determine high temperature mechanical
behavior of refractory components, which are
composite products. The implementation of specific
properties in Finite Element Anaysis codes allows
improved design of components and evaluation of
material characteristic influences.

Finally the development of dedicated fluido-
dynamic codes allows the prediction of physical and
chemical phenomena occurring during steel
continuous casting.[ 1]

2. Optimization of the sliding gate
refractory plates

The plates are the core of a ladle dlide gate, and
the investigations concentrated initidly on
establishing the optimum plate design.

continuous  casting,

refractory materials, chemica and

Existing plate design weaknesses:

The historical rectangular-rounded plate shape has
been applied in many variants such as asymmetric or
symmetric versus the bore position, canned or
banded, with or without spigots. Their dimensions
were generally oversized. Their wear pattern showed
some weaknesses such as the formation of cracks in
critical zones and particularly in the throttling and
tracking areas.

Fig.1. Rectangular-rounded plate with cracks

Modern analysis method:

Empirical research had aready resulted in the
development of more sophisticated plate shapes but
the team decided to investigate using modern analysis
methods such as Finite Element Anaysis (FEA),
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mathematic modelling, other laboratory constraint
measurements and field trials to identify an optimized
pattern. [4]

The material model considered the Young's
modulus, the yield stress (plastic), the thermal
conductivity, the heat capacity and the thermal
expansion. The therma boundary conditions were
established based on field temperature measurements.

The mechanical boundary conditions were
imposed by the mechanism design.

Fig.2. Finite element ainalysis
of an optimized plate

Crack definition:

The observation of used plates alowed us to
define three crack modes such as: outside cracks,
longitudinal cracks and transversal cracks.

The outside cracks are related to the free
expansion whilst the longitudinal cracks are related to
the “clamping angle”, the plate length/width ratio and
the bore size. The transversa cracks are linked to the
plate support load.

Sensitivity analysis carried out using eastic and
elasto-plastic material models.

. ¥

| Sonside crocks

2 Lnygiieding] cracks 3 Traiversil ¢

Fig.3. Crack definition

Theoretical conclusions:

The conclusions of this analysis can be gathered
asfollows:

-Critical influence of material plasticity

-Front and back-side stress pattern quite
independent

-Clear influence of clamping angle on the stress
pattern

HELE

-Minor influence of bore size on the stress pattern

-Clamping closest to the bore

-Limit the force applied on the plate through the
clamp

“The crack cannot be avoided but the pattern can
be influenced by the plate shape and clamping
design” is the basis of the plate concept. Therefore,
the cracks have been orientated to non-critical zones
by the application of optimized clamping angle and
clamping force.

Theoretical plate shape:

The so called “Coffin shape” plates are roughly
fitting some of those conditions. This is the “basic
design”, however, this is not enough to comply with
all production and operation requirements.

It is crucial to note that due to the optimised
shape, smaller plates are performing better life with
equivalent bore size. It strongly improves the
recycling rate when using the plate on both faces
(FLIP process). This significantly reduces the
operation cost of the plates and the system.

e

Fig.4. “ Coffin shape’ plate

Tuning this shape required more sophisticated
considerations that generated a practical “optimized
shape” that can be manufactured and efficiently
applied in the mechanism.

\'.

Fig.5. “ Optimized” plate shape

A mathematical relationship has been identified
between the different parameters.

The actual plate wear pattern recorded during
many tests and industrial application confirmed the
validity of the design.
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3. Chemical behavior of refractory
component during steel casting

The classical experimental evaluation of steel
corrosion is not enough to determine refractory
components. Standard experimentation is conducted
with limited amount of steel, while in redlity steel is
continuously renewed at the refractory interface.

The second limitation faced with today is that
refractory interface is, in redlity, controlled by
variables like steel dissolved elements and steel
inclusions. For instance, the volume of inclusion
during continuous casting is comparable to the
volume of refractory components used so they have a
strong influence on steel/refractory reactivity. So the
only possible approach to corrosion is to determine
experimentally mass transfer from refractory to steel
and to extrapolate for continuous casting conditions.

3.1 Steel and refractory interaction model

To define the nature of chemical reactions,
specific experiments have been conducted. For the
first type of experiment, pure iron is melted in an
induction furnace with tailored alloy additions.

A rotating refractory sample is placed in the melt
and steel chemical composition changes are
determined by steel sampling during the experiment.
A second set of experiments consists of degassing
evaluation on refractory samples using a mass
Spectrometer at increasing temperatures.[2]

For the different types of refractory composition
used in steel casting the following major reactions
have been determined and quantified:

- Charbon dissolutionC— C (1a)

- Silicareduction SIO, + C - SiO(g) + CO(g) (1b)
- Magnesiareduction MgO+C - Mg(g) + CO(g) (1¢)

- Zirconium reduction ZrO, + 3C-ZrC + 2CO(g)
(1d)

- Oxydesdissolution MO, - xM +yO (1e)

The different reaction kinetics have been determined
depending on sted grade, refractory composition,
microstructure and physical parameters at the
refractory interface (i.e. pressure and temperature).
For example the model for carbon dissolution is
shown in Figure 6.

Aud
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Fig. 6.. Carbon dissolution: carbon flow rate as a function of reactive surface (Ags),
carbon content (X) and steel flow.

The global result is a mathematical program,
which calculates the flow rate of species passing from
the refractory interface to the steel.

4. Mechanical behavior of steel casting
refractory components

The mechanica  behavior of refractory
components is by far more complex than generally
admitted.

This is mainly caused by the composite nature of
the component and the large temperature range in use.

Refractory materials behave like composite
structures with specific features coming from the
phase transformations occurring at high temperatures.

The standard mechanical evaluations like 3 point
bending or sonic measurement of elasticity induce
important  approximations in  thermal  shock
evauation. Unfortunately the consequences are
inappropriate choices for product design.
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4.1 Example of mechanical properties

Cold mechanical properties of standard alumina
graphite composites have been evaluated in tension
and compression mode. The results presented in
Figure 7 and detailed in Figure 8, are typica for
graphite containing materials used in continuous
casting.

The important difference between tension and
compression are classical for ceramic material but the
relative important plasticity observed is characteristic
of a bi-phasic composite. One major consequence is
that strength determined by 3 point bending is
overestimated when compared to tension that is the
main failure mode.[5]

The sonic determination of elasticity is only valid
for limited strain while the real pseudo-elasticity is
much lower. This leads to overestimated stress levels
caused by a thermal gradient. Finally the permanent
strain occurring during thermal loading needs to be
taken into account for thermal cycling.

U

strain (%)

-0.8 -0. -0. 02 7% 0.2

(edN) ssanis

Fig.7. Stress strain behavior of alumina graphite
in tension and compression.
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Fig.8. Tension behavior of alumina graphite.

4.2 Thermo-mechanical stress models
Standard Finite Element Analysis (FEA) codes
don’t take into account specific refractory properties.
In order to overcome this problem, dedicated Finite
Element Analysis models take into account refractory
material specificity.[3]

The commercially available basic code (Abaqus)
is implemented with  subroutines,  which
incrementally give a more precise model of refractory
thermal loading. The subroutines take into account
phenomena such as inelasticity, creep deformation,
and/or phase change. Model results are compared
with  sensitivity andyss and  validation
experimentation in order to ensure the validity of the
results.

4.3 Material and design development

The therma cycling of continuous casting
refractory materials generates very different stress
levels during operating time. The different stress
evolution between transient heating and stationary
working conditions needs to be carefully analyzed
with appropriate product property determination. The
effects on refractory material and design are highly
dependent on operating conditions. In other words, a
refractory product can not be ranked in terms of
global therma shock resistance but for only one
given thermal shock situation in a given application.

Thermal stress situations have to be carefully
analyzed in order to determine the major cause of
failure material properties or design. The
optimization of refractory component consistency, as
afunction of steel casting efficiency, is depending on
the model accuracy. An example of nozzle design for
a thin dab caster is shown in Figure 9. The view
represents a quarter of the total pieces cut by the 2
symmetric planes.

The maximum stress is localized on the narrow
face of the nozzle where the thermal shock cracking
is usually observed. The analysis of the stress during
the transient start up of the cast show that the
maximum stress is developed minutes after steel
casting starts and that the stress developed during
preheating is much lower. As a consequence the
increase of thickness of the insulation layer

(Thermacoat) has reduced significantly the stress
level and reduce the cracking tendency.

Fig. 9. Sress evaJ.L;ation of thin slab nozze.
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4. Conclusion

Increasing demands for sted quality and

continuous casting productivity = require new
approaches in terms of refractory component
development. Advanced refractory design is

achieved by coupling dedicated thermochemical and
thermomechanical models with  fluido-dynamic
simulations. When appropriate material behavior at
operating temperatures is experimentally
demonstrated and validated, model results provide
innovative solutions for refractory component
optimization. These new approaches, combined with
empirical field experience, are necessary to improve
current and future steel continuous casting processes.
The new scientific investigation methods applied to
the diding gate refractory and mechanism designs,
cross checked with actual operating results allowed us
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to better understand the phenomena of crack
formation and crack control leading to the
implementation of optimized refractory patterns and
flow control systems.
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ABSTARCT

The paper presents an X ray diffraction study for a cooper based shape memory
alloy. The behavior of CuAl13Ni4 alloy, which exhibits a peculiar property, is
evaluated by structural changes. On cooling, the martensitic transformation takes
place from the ordered structures to the long period two layered structure. The
crystalline phase transformations of those alloys are very sensitive to the heat
treatments, deformation degrees and also to the undesired aging effects. In
particular, the study has been made on the CuAI13Ni4 shape memory alloy samples
after being hot extruded, quenched and aged in martensitic state.

KEYWORDS: Shape memory alloy, Shape memory effect;

transformation, XRD
1. Introduction

The shape memory alloys (SMA) are in a so
called class of smart materials whose properties have
high performances especially their ability to recover
the desired shape only by changing temperatures.
SMAs are a typical smart material fully reversible.
Martensitic ~ transformation is a  first-order
diffusionless structural phase transformation between
a high temperature austenite phase and low
temperature martensite phase [1].

The shape memory effect is related essential by to
a thermoelastic martensitic transformation [2]. A
shape memory alloy plastic deformed at temperature
below the martensite finish temperature, My, by
heating over the austenite start temperature, A,
recovers the undeformed original shape. The
characteristic is called shape memory effect (SME).
After thermomechanical treatments the change
reoccurs during heating and cooling processes, the
characteristic is called two way memory effect
(TWSME). Due to the shape recoverable properties
these alloys can be used as devices like sensors and
actuators. Cooper based alloys exhibit shape memory
within a certain range of composition. It is known
that for the particular composition CuAI13Ni4 from
the metastable beta phase whit DOj structures, after
quenching, takes place a martensitic transformation
with two long period layered structures (18R and 2H)
[3-5].

Martensitic

2. Experiment

The CuAl13Ni4 shape memory alloy was
obtained by a classic direct melting method using
high purity for components and precised chemical
composition. The cast ingots were turned in
cylindrical shapes ®35X35 mm. The samples were
plastic deformed by extrusion in three steps until
®4mm wires. After last extrusion the samples were
cooled in air. The samples were 9 months hot
extruded wires 4mm diameter and 145 mm length.
The samples were machined for following tests. For
X ray diffraction tests we studied the same sample: in
extrusion state after nine months aged; a subsequent
guenched; in quenched state after fourteen months
aged. The experiments for quenched samples
comprised heat treatment using a vertical furnace, air
environment, holding at 850°C during 30 minutes.
After solubilization, the specimens were immediately
quenched in ice water. Few samples were deliberately
kept in martensitic state at room temperature.

Prior to experiments all samples were submitted
to the chemical etching in order to remove the layer
deformed by cutting operation as well as the oxide.

The XRD analysis was run in a RIGAKU (Cu
sealed tube) at room temperature  using
20mmX2mmX1imm dimension samples. The 20y
was between 10° and 90°. The acquisition time was 1s
per point.
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The goniometer radius is 180 mm. The radiation
used was Cu-K,. The widths of divergence,
dispersion and transmission slots were 1° 1° and
0.15mm. The XRD analyses were made at
50kW/30mA. The (h k 1) planes related to diffraction
lines were identified using ICDD data base built in
computer in EVA program 7.0 version.

3. Results and discussion

The CuAl13Ni4 shape memory alloy was studied
in different stage of deformation respectively
extruded and quenched samples.

The hot extruded sample had in structure: solid
solution a; a mechanical mixture a and g, an
intermetallic compound NiAl and premartensitic
structure.

The subsequent quenched samples and after
fourteen months aging were entirely martensitic
structure at room temperature.

Two morphological types of martensite structure
coexist in CuAl13Ni4. In table 1 are shown the
crystalline parameter and the diffraction line specific
to martensitic structures.

Table 1
Martensite Parameters of Angles of Diffraction
type crystal lattice crystal lattice planes
(-125)
Monoclinic a=4.44 a=90° . (0018)
Al,Cuy:Ni b=5.31 b=89.36 (-1115)
c=37.86 g=90° (324)
(-214)
111)
_ —an0 0111
Orthorhombic a—_4.494 a:900 §0 21 ))
b=5.189 b=90
AlCus ¢ = 46.61 g=90° (202)
’ (2012)
(3213)

The memory properties like SME and TWSME,
transformation characteristic temperatures, thermal
hysteresis,  recovery  deformation,  generating
mechanical work are influenced by heat treatments
history and aging phenomena in initial state but also
in martensitic state. The main objective of this work
was to study the changes in fine internal structure for
extruded and quenched samples the aging process
accompanied by martensite stabilization. The XRD
analyses taken three times, reveal important
modification in crystallographic lattice. In figure 1 are
shown the XRD diffractograms taken from alloy in
extrusion state.

In figure 2 are shown the XRD diffractograms
taken from alloy in quenched state.

In figure 3 are shown the XRD diffractograms
taken from alloy in quenched state aged fourteen
months at room temperature. The electron diffraction
patterns of extruded alloy have a disordered structure.
In this case it can be observed that the characteristic
lines have large widths. The maximum line intensity
is corresponding to the monoclinic martensite (-1 1
15) hkl plane. As seen from diffraction patterns from
figure 2, CuAlINi martensite have the ordered
structure and exhibit superlattice reflection. After the
heat treatment they have the ordered structures. It can
be observed that the maximum intensity of
monoclinic (-1 1 15) hkl plane was kept. The aspect
of diffraction lines were really narrow because the
long period order and the coarse martensite specific
this alloy.

The diffraction patterns from figure 3, reveal the
same ordered structure and exhibit superlattice even
after martensitic aging.

Anyway the maximum intensity was kept for the
same monoclinic (-1 1 15) hkl plane and near that it
can be observed the pick for the pair plan (-2 1 4) and
both structures are monoclinic. It can be observed a
flattening of diffraction picks corresponding to plan
(2 02) and (0 0 18). The (2 0 2) habitus plan is an
attribute of orthorhombic martensite.

The (0 0 18) habitus plan is an attribute of
monoclinic martensite.

It turns out that the pick accordingly to diffraction
plan (-1 2 5) was missing. The pick accordingly to
diffraction plan (2 0 12) was reduced until flattening.
The structure was partially ordered after martensitic
aging time.

In cooper based SMAs as in Ti Ni, Ni Al or Fe Al
alloy systems there can be observed a lot of aging
process. Cooper based especially brasses are in
general predisposition for aging even at room
temperature [1].

The aging at high temperatures is determined for
the precipitation from austenite phase in CugAl, (y2)
and NiAl (B,) phases. In ternary Cu Al Ni alloy
system the precipitation for y, phase is inhibited by
nickel addition.

It is considered that the precipitation brakes MT
throw two mechanisms:

e  Coherence of the fields around precipitations
and/or destroyed potential germination centers in
martensite state;

e Introducing vacations at quenching and
precipitation process.
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The increasing precipitates manage to changes in
chemical composition of initial phase that modify
transformation temperatures. In these conditions the
shapes recovery becomes more difficult. Aging effect
changes the memory characteristics for SMAs. The
martensitic aging effect is accompanied by martensite
stabilization process. The aging time in martensitic
phase influences direct critical temperatures and
sometimes the reverse martensitic transformation is
canceled. The origin of the martensitic stabilization
lies in two different mechanisms. One of them
consists in internal crystalline structure changes. An
atomic reorder takes place in martensite and that
determined a relative stabilization between initial
phase and martensite. It has been reported that the
base plane of monoclinic martensite originates from
one of (0 0 1), planes of the matrix [3].

The reversible transformation occurs as:

Tio=ct | Tio=ct |
B(DO;) = B (A8R) = yi(2H)
T1,0=ct T1,0=ct

The mechanism is crystallographically describable
by two steps. The transformation involves lattice
deformation called Bain distortion and the second
step called lattice invariant deformation when one of
the close packed (0 0 1), planes of matrix becomes
martensite basal plan[8]. The martensite basal plan is
distorted in case atom sizes are different and become
sregular in case atom sizes are equal. Because of this
deviation, the spacing differences Ad between the
adjacent diffraction planes became different from null
and it can be a measure of martensite order. It was
observed that alloys from Cu Al Ni system undergo a
partial order disorder transformation in primary aging
stages so as in long term aging.

The second mechanism doesnit explain aging in
single crystals but is valid for polycrystalline SMAs.
One of SMAs properties behavior like rubber is
determined by martensite stabilization. After
quenching the alloy has the ordered structure and
exhibits superlattice reflection.

4. Conclusions

The behavior of CuAI13Ni4 alloy, which exhibits
shape memory properties, was evaluated by structural
changes.

The alloy was studied, in different stages of
deformation respectively extruded and quenched
samples, using XRD analysis:

1. The memory characteristics are influenced by
heat treatments history and aging phenomena in
initial state but also in martensitic state.

2. The electron diffraction patterns of extruded
alloy have a disordered structure with large widths of
the characteristic lines. The structure was only
partially premartensitic.

3. After quenching the alloy has the ordered
structure and exhibit superlattice reflection. The
aspect of diffraction lines were narrow because the
long period order and the coarse martensite specific
this alloy. In Cu AI13Ni4 SMA coexists two
martensite types (monoclinic and orthorhombic).

4. The structure was partiallz ordered after
martensitic aging time but it can be observed
modification in accommodation of different habitus
plans. Near the (-1 1 15) hkl plane it can be observed
increasing the pick for the pair plan (-2 1 4) the both
structures are monoclinic.
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ABSTRACT

For a good behaviour of mill parts and accurate functioning it is necessary to
have an integrated system for all mill tandem. It is important to know the speed
controls and strip tension in correlation with torque, laminated force and rotation
angle. The management system incorporates all gap control existing inside the

rolling mill machine.

KEYWORDS: system management, behaviour, rolling mill, gap control

1. Introduction

The simulation of the dynamic behavior of
components or parts of a rolling mill has contributed
at the decrease of hardness of these movement parts, a
new and functional design, the diminishment of
energetically consumption. During the workshop are
tested and optimized the basic functions and the
dynamic behavior. Taking into account the
complexity of the geometric shape and loading it was
studied the Stress State using the Finite Element
Method.

The model accepted for simulation is composed of
resorts which substitute the actual masses in work.
The hardware and the software for function control in
work are connected to the simulated model. The
model must be simulated in real time function work.

The advantage of this system simulation is that
both the hardware and software may be tested,
regulated and optimized without any risk of
comparison with the existent system.

During the works are tested and optimized the
basic functions and the dynamic behavior.

To investigate the behavior of rolling mills we
always first the model behavior. The dynamic
simulations on the created stand show the influence
of diverse causes during work such as:

- High i frequency torsion vibration in the drive
system;

- Eccentricity and state surface of work roll shape;

- Mill speed;

- Reduction;

- Strip tension;

- Roll lubrication.

The model stands satisfy the most stringent
requirements on control dynamics and shock capacity
and are largely free of maintenance.

The equipment used has the following advantages:

- No limit in drive rating;

- Better control performance;

- Rotor of engine (machine) has lower moments of
inertia;

- Less spare parts;

- Greater flexibility of parts;

- Simple start-up procedure;

- High reliability and availability;

- Output frequencies from 0 to 600 Hz;

- Frequency control with senseless vector control;

- Highly accurate speed and torque control;

- Fast serial interface communication between line
speed and slave units;

- Positioning controls

- Parameter indicator,
display.

text display, graphic

2. Experiments and results

Now modern tandem mills have hydraulic gap
controls on all stands. The control loops employed are
position control; tilt control. The roll forces are
measured either indirectly by pressure transducers
attached to the hydraulic cylinders or, directly by roll
force transducers located in the line of force of the
hydraulic cylinders.

It is in action when the gap is open, during
threading operation and as a subsystem of the gouge
control. The signals from the position transducers on
each side of the stand are subtracted to produce the
actual value for the tilt controller, which alters the tilt
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about the centerline of the stand. This control loop is
effective during rolling and is only switched off
during calibration after the calibration force has been
reached. A typical response time is approx. 30ms.

Roll force control is measured for each roll work.
The total tension reference value is calculated in the
control system in accordance with the rolling program
and the strip dimensions and is sent to the tension
controller.

The tension is measured by tensiometers mounted
under the bearing blocks of the deflector rolls. As the
control system depends very heavily on the speed
with respect to the gain and time response, the gain of
the tension controller is matched out adaptively to the
properties of the controlled system.

The work rolls and the intermediate rolls are
equipped with separate cylinders for positive as well
as negative bending. The cylinders on the drive and
the operator sides are complied in parallel for each
bending direction.

The strip tension is kept constant. During work if
it is necessary, we must apply a speed correction. The
exit thickness of strip must be adjusted like: thickness
error measured by the gauge before the stand and
compared with the measured exit thickness error. The
difference is added to the exit thickness set point and
the sum forms the set point for the thickness gauge
before sand (experimental mill) fig.1. Also a
processor is used to detect if milling process is driven
in fixed parameters.

Tension 0-1
) strip gauge
strip gauge after stand
before stand Ah
x 1
& Ah, LY SB
—> —>
Vo ah Vi
@ \i
SIS
Ahg Speed Ahy
Yo, | | control Vithy
\ é . L — I Direct tension
I
Summation %V; g—}/ control

Corrected by
slip forward

Gauge control modes

Fig.1. Management of rolling mill system.

3. Mill mathematical model

The audible noise is often the only indication to
the mill operator that the mill is vibrating. As stated
earlier, this type of vibration is self-exciting. There is
a feedback mechanism that provides a sustaining
force to increase the mill vibration amplitude which is
a consequence of the vibration motion itself. This
mechanism has its origins in the roll bite and is a
consequence of the continuity of mass flow through
the stand.

H,v, =H,v, )

where:

H, and H are the entry and exit gauges and v, and
Vv, are the entry and exit strip speeds.

On the basis of continuity of mass flow through
the mill stand during rolling, it can be shown that a
change of exit gauge will produce a change in entry
strip speed, assuming the entry gauge and exit speed
remain constant.

Hov, = H,dv, )
The change in strip speed at one end of the entry

strip compared to the other, v,, will produce a change
in entry strip tension, Ty, as follows

3T, =K, [ (3v, - v, it 3)
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where: K; is the stiffness of the entry strip given

by the following equation
K, =H,l E/L 4)

where: E Is the elastic modulus of the material
being rolled, | is the strip width and L is the length of
the entry strip over which the speed difference was
applied.

A change in entry tension will produce a change
exit gauge thus completing the loop as follows

oH, ORI
ORI T,

where: Rl is the rolling load.

The ratios in equation (5) are roll gap sensitivities
that will depend on rolling variables such as the roll
gap friction. There is a 180 degree phase change
around the feedback loop in figure 3, 90 degrees
coming from the mill vibration mode and 90 degrees
from the integration required to convert strip velocity
to tension in equation (3).

Analogous to electrical control  system
instabilities, if there is a 180 degree phase change
around the loop then the loop will go unstable as the
gain is increased above a certain threshold value.
From the above equations coupling each term in the
loop it can be seen that gain is proportional to the exit
speed of the strip (equation (2). This explains why
rolling mills prone to gauge chatter vibration exhibit
the problem suddenly as the speed is increased above
a threshold value. Other factors such as the material
being rolled, the rolling conditions and the natural
damping of the mill stand resonance will all affect the
threshold rolling speed for vibration. However, these
are difficult to change and none vary as significantly
as the speed during a particular rolling pass.

The mode involves the two work rolls moving in-
phase and vibrating between the two backup rolls.
The backup rolls move in anti-phase to the work rolls
but their amplitude is significantly less than the work
roll amplitude. The evidence linking this mode to roll
and strip marking is presented elsewhere [1, 4]. The
relative motion between the work roll and the backup
roll damages the backup roll surface during the period
that the backup roll is in the mill.

The predicted mode involves significant bending
of the work roll necks. It should be noted that this
type of mode belongs to a family of fifth octave
modes, all capable of damaging the backup roll
through relative motion between the work roll and
backup roll.

Some solutions to this problem may require an on-
line monitoring strategy on the grinder and/or the mill
to identify the source and then minimize its impact.

3H, =

oT, ()

This is an effective operational strategy to
maximize productivity while maintaining high quality
of the strip surface.

I
7

el Ll
e AT e
—] o

5 -
%
e
o
e

: .-__-."' i _:._::-%..:..:% 2
- Mode 36 62 B Hz /

o
S R

Fig.2. Typical mode shape of rolling mill
resonance. The lines represent the central axes
of the rolls and housing frames.

Roll eccentricities caused by temperature effects,
grinding  inaccuracies, wear, cause periodic
fluctuation whitch cannot be compensated by the
gauge control. The gauge error based eccentricity
compensation system analyses the measured strip
thickness instead of the roll force. The system works
on the principle whereby the roll eccentricities are
simulated by means of an error model composed of
discrete oscillations whose frequency phase and
amplitude can be controlled. The measured thickness
error is converted by means of a roll gap model into a
corresponding gap position. The value is compared
with the asseverated measured gap position, whereby
the time delay is taken. The system also has effect of
compensating for thermal growth since the
amplitudes of the respective frequencies are tracked
and compensated automatically.

Chatter is severely influenced by the rolling mill
process. For predict the real roll force is necessary to
introduce all variables into a corrective neural
network. A corrective neural network can eliminate
the error in roll force prediction. This network can
reduce the prediction errors at 25%. Additional
variables, which were not used in the mathematical
model, were necessary for the substitutive model
only.

The chemical composition of coil and temperature
variable were fed to the network.
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4. Conclusion

The use of proposed system milling (stand)
improves the accuracy of work parameters (in
particular rolling force).

Some parameters not considered in the
mathematical model can be easily introduced in a mill
system.

The management system works on the principle
whereby the roll eccentricities are simulated by
means of an error model composed of discrete
oscillations whose frequency phase and amplitude
can be controlled.

A method of preventing roll chatter in a rolling
mill stand during the process of directing a strip of
material through the stand, the stand having a natural
frequency of vibration, the method comprising:

The stand has a rolling gap and hydraulic systems
for respectively adjusting the rolling gap and for
controlling the force at which backup rolls press
against work rolls of the stand, the method including:
vibrating one or both of the hydraulic systems at a
variable frequency. The method in which the
vibrating component is provided with a varying
frequency and varying amplitude.

The method of claim 1 wherein the octaval
frequency of roll chatter is at third and fifth octaves,
whose the frequency ranges from100 to 200 and 500
respectively to 700 Hertz.

A method of controlling the vertical motions of a
plurality of vertically disposed rolls in a rolling mill
during the process of directing a strip of material
through the mill, said vertical motions occurring at a
natural frequency of the rolls, the method comprising:
introducing into the mill a vibration component
having a frequency different from the natural
frequency of the vertical motions of the rolls such that
said vertical motions become no synchronous with
each other.
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ABSTRACT

This paper presents an analysis of pollutant emissions specifics to copper waste
valorization. There are made appreciations of the role and importance which have
the characteristics of mixed charge with waste having a variable content of copper
(copper and copper alloy waste, residues, sludges, slimes, dusts etc.) having
impurities or contaminants (especially organic pollutants) as well as fluxes and
fondants (NaCl, KCI etc) used as first important source of pollutant emissions for

secondary copper metallurgy.

KEYWORDS: secondary copper metallurgy, pollutant emissions

1. Introduction

The diversity of aspects and factors involved in
secondary copper obtaining processes make the
pollutant emissions have big variations from
qualitative and quantitative point of view.

In the secondary copper metallurgy are used the
flow sheets with multiple configurations of processes;
it is possible to use a big variety of smelting
aggregate types with possibility to operate in different
mode, with different capabilities to monitor and
control the pollutant emissions.

At the same time, the input materials are
proceeded from different sources, so they have
different characteristics and are prepared by different
methods, before introduction in the processing steps.

2. Emissions at the secondary copper
obtaining

At the secondary copper metallurgy, emissions
which contain microelements reported to the total
amount evacuated in the atmosphere, to the global
level, at the beginning of 1980 for Europe, were
appreciated as non significant: less then 1% from the
total emissions of copper, arsenic, selenium, and zinc
[1-3]. At the local level, the secondary copper
smelting or copper refining process can be
considerated important source of contamination with
microelements. According to CORINAIR90 Report
(made for 28 countries), the rate of participation of
emissions generated by secondary copper production
to the total emissions, microelements, respectively
emissions generated at the fuel burning, specific to
the secondary copper production sectors from this
countries, are presented in tables 1, 2 and 3 [4].

Table 1. Emissions generated from secondary copper production
to the total emissions according to the CORINAIR90 Report

Contribution to the total emissions, %

Source Cod SNAP
SO, NOx | NMVOC | CH, | CO CO; | N,O | NH,3
Secondary copper 030309 . ) o i o i i )
production

e emissions are reported by the countries in the limit of 0,1%, but without the exact value;

- emissions are not reported.
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Table 2. Element emissions in the secondary copper metallurgy, g/t copper made

. Estimate in . . Estimate in
Estimate C Program Estimate in )
anada Austria Interval or
Element Pacyma (Jacques PARCOM England (Schneider resulted values
(1986) 1987) (1992) (Leech 1993) 1994)
As 2 2
Sh 3 3
Cd 4 5 5 2 2-4
Cu 150 200-400
Pb 50-200 230 130 130 50 50-130
Ni 1 1
Zn 500-1600 500 500 250 250-500
Table 3. Emissions of gaseous compounds in the secondary copper metallurgy,
on the different type of fuel [CORINAIR90] ¥
Emission factors
Fueltype | Cod S0, ? | NO,? |NMCOV4)‘ CH, | co ‘ N,O CO,,
3/G] kg/GJ
Liquid 203 495-1.470% 150" 30Y 309 | 150 | 22 76-78Y
Liquid 204 94-1.410Y 100" 1,5Y 1.5Y | 129 | 29 73-74Y
Natural gas | 301 0.8Y 100" 49 Y 1 13h | 1Y 57Y 60°, 59°
Liquid gas | 303 0.04 100" 2.1Y 099 | 13V | 1Y 65Y
Y The adnnotation under the table can make 300g/t charge - rotary furnace, input brass and

references at the emission factors which include the
burning fuels and other processes from secondary
copper metallurgy

2 S0,: (EPA, 1990)

750g/t charge fi dry waste (rotary furnace)

64009/t charge fi burning cable, incinerator

250g/t charge fi crucible furnace, input brass and
bronze wastes

15¢/t charge fi electric arc furnace, input brass and
bronze wastes

15¢/t charge - induction furnace, input brass and
bronze wastes

2182g/t charge fi refining process

17209 S g/m?® fuels fi secondary copper production
(fuel with sulfur content)

19006 S g/m® fuels - secondary copper production
(fuel with sulfur content)

9 NO,: (EPA, 1990)

64009/t charge - burning cable, incinerator

40g/t charge fi reverberation furnace, input brass
and bronze wastes

300g/t charge - rotary furnace, input brass and
bronze wastes

2397g/m? fuel - secondary copper production

6591g/m? fuel - secondary copper production

% COV (volatile organic compound): (EPA, 1990)

29/t charge fi dry waste (rotary furnace)

300g/t charge fi burning cable, incinerator

bronze wastes

60g/t charge fi furnace with selective smelting

223500g/t coke charge fi cupola furnace, input
copper wires waste or copper and brass wastes

90g/t charge fi cupola furnace, input copper and
brass waste or copper waste

26009/t charge - reverberatory furnace, input
copper or brass and bronze

1200g/t charge - rotary furnace, input brass and
bronze wastes

3350g¢/t charge fi crucible furnace, input brass and
bronze waste

19509/t charge fi electrical arc furnace, input
copper

Og/t charge fi electrical arc furnace, input brass
and bronze

Og/t charge fi induction furnace, input copper or
brass and bronze

24g/m?® fuel - secondary copper smelting

34g/m? fuel - secondary copper smelting

44851g/Mm? fuel - secondary copper smelting

% CO,: input local contaminated waste, brass
production (Bremmer 1995)

8 CO,: input highly contaminated waste, brass
production (Bremmer 1995).

The analysis of presented data can appreciate that,
in general, the secondary copper metallurgy
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represents a minor source of pollutant emissions in
comparison with primary copper metallurgy.
However recently, the thermal processes from
secondary copper metallurgy, together with the
specific processes of the primary copper metallurgy
(and other thermal processes from metallurgical
industry and sintering preparation of ores in
steelmaking industry, aluminum and zinc production
from non-ferrous metallurgy), has been defined as an

important source of dioxins generation.
Environment
persistence

(United

convention

Nations
respecting

the

UNEP
Programme)
organic

pollutants, adopted at Stockholm in May 2001, placed
the thermal processes from copper industry in the
second category of dioxin source (after the waste
incineration placed in the first category 1, the most
important generator of dioxins), table 4 [5].

3. Generating sources of pollutant
emissions in the secondary copper
industry

3.1. Raw materials

Raw materials used for copper smelting, the
mixed charged compounds of wastes with variable
contents of copper (copper waste, alloys with copper
content, together with dross, slag, slime and dust,
etc.) with an impurity and contaminate content
(especially the organic pollutants), and salts used as
flux (NaCl, KCI etc.) represent the main source for
the pollutant emissions in the secondary copper
metallurgy.

Therefore, the chemical composition of the input
materials is considered the determinant factor in the
quantity and chemical composition of generated
emissions at the secondary copper production.

Table 4. UNEP matrix for the dioxin sources placed in the second category and emissions factors for
the moder n technol ogies from the ferrous and non-ferrous metallurgy, g I-TEQ/t product

Category. Dioxins in:
Cod SNAP Sector

UNEP Air Water | Soil | Product Waste
2a 30301/40209 Sinter plant 0.3 0.003
2b - Coke production 0.3 0.06 X X X
2 40200/30303 | 'ronandsteelmaking o, g 0.2-15

industry, Foundry
2d 30306/30309 Copper production 0.01 0-630
2e 40301/303010 | Aluminium production | 2:>1°0 100-400
(wastes)
2f 30304/30307 Lead production 0.5 X
29 30305/30308 Zinc production 0.3 X
2h - Brass production 0.1
2i 40304/30323 Magnesium production 50 24 9000
% i Other non-ferrc_;us metals 2 X X
production
Mechanical preparation

2l i by shredder 0.2 X
2m - Wires recuperation 3.3 X) X X

The burning impurities present to the input
metallic materials and the participation of the fluxes
with chlorine content in different process steps can

lead to dioxine formation.

Undesired elements

(sulfur, arsenic, lead, zinc, cadmium, mercury etc.)
and their combination, presented in small quantities
in waste used to obtain secondary copper (unlike the
copper ores utilized to obtain primary copper), are
emission generators. The zinc, characterized by a
high vapor pressure and a big oxidation tendency (it
forms a important quantities of zinc oxide particles
with micrometric dimensions) is the most important

element which needs to be taken into consideration
[6]. Without pre-treatment operations, the input
materials with a cable waste content carry in furnaces
and in other installations or process equipment,
impurities like organic substances (from plastic
materials, paints, solvents, oils), and lead compounds
(from stabilizer present in old cable isolation). These
impurities lead to the formation of pollutant
substances with the other types of gaseous
compounds or solid waste materials, corporate like
waste and emissions resulted from secondary copper
obtaining fluxes steps.

- 47 -




THE ANNALS OF iDUNAREA DE JOST UNIVERSITY OF GALATI.
FASCICLE IX. METALLURGY AND MATERIALS SCIENCE
N°. 2 fi 2008, ISSN 1453 fi 083X

3.2. Processes and aggregates

generating pollutant emissions
Starting with input materials preparation and
finishing with the secondary copper or its alloy

copper processes, with allocation in air, soil, water
(fig.1).

Thermal processes, from the waste pre-treatment
and from elaboration steps (smelting, refining and
alloying) are responsible for generating the pollutant

casting, results dust and volatile compounds 7
distributed in effluents or solid waste from secondary EMISSIONS.
INPUT OUTPUT
Air emission CO
Fluxes Smelting Dust
Coke —P> : —» Metallic oxide
Oxygen — Reduction o Dioxines, COV
Refractory wastes
* Gas emission,
Fluxes, » Converting » Dust, Refractory
Waste P wastes
Air, Oxygen black copper
H»  Air emissions,
. SO2, Metals
Clean wastes > A Dust
| Reductants Thermal >
LA refining
A
- Electrolytic )
node wastes refining —> Ni, etc
Final slag l l
Slime Copper
Dusts

Fig.1l. Emissions from different secondary copper metallurgy [ 7]

a. Raw materials preparation. In the preparation
operations, thermal processes are utilized to remove
the cables isolations, oil excess and other
technological fluids from cuttings, turning, etc.

These processes are generating the volatile
organic compounds and products from the incomplete
burning and because of these off gas needs to have a
cleaning treatment.

The gas post-combustion in the special rooms, at
temperatures more than 1000°C, can determine
purification efficiency bigger than 90%. The
combustion is not sufficient if the isolations contain
PVC, the chloride acid in gaseous stage is produced
and because it cannot be controlled in the post-
combustion stage, it is necessary its capture before
the off gas evacuation. In this case, the cable waste
preparation is recommended to remove the isolations
by mechanical methods, even if the burning can be
the most used method for its easiness.

For minimisation of pollutant emissions it is
imposing a mechanical preparation of raw material
(metallic materials) for compacting and bringing to
the necessary dimensions to charge them in the
furnaces by single step. In the case of insufficient
compacted materials, charging the materials through
on the surface of metallic bath, can produce important
quantities of gases which can exceed the capacity of
installations capture. In this situations we need to
locate a supplementary gas capturing system to take
the exceed gases from accidental production.

b. Processes and furnaces. From qualitative and
guantitative point of view, the pollutant emissions are
determined by the furnace type and the technologies
applied. For pollutant emissions minimisation, it is
recommended as the best technological solutions
those in which the processes are made in aggregates
which work in isolated or hermetic spaces with
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possibility to install systems for collecting and
capturing gases.

c. Copper and copper alloys casting. Gases and
pulverous emissions are made during the casting
operations time. Those results from the interaction of
alloy with the forming materials, refractory paints etc.
Important quantities of gases are made in the graphite
dust burning used for casting metals interface
protection.

4 Pollutant emissions, measured and
admissible levels

For secondary copper metallurgy, the most
significant and important are air emissions. Emissions
level can be found from measurements and results of
different monitoring published in branch literature.
For water emissions, this type of data issnit
published, since these emissions are less important.
This is due on the one hand to their reduced solubility
of dioxins in water (these is an accumulation of
dioxins in water sediments) and on the other hand, the
lightness that the admissible pollutant substances
concentrations may have in water by treatment before
the evacuation in environment. The air emissions
consist in nitrogen oxides (NO,), carbon monoxide
(CO), dust, organic compounds, dioxins
(PCDD/PCDF). Normally, the evacuated gases donit
have sulphur dioxide (SO,), small gquantities can be
presented at utilisations of the same materials with
sulphur content [7]. The most important are the solid
particles. The powders are situated in the hazardous
pollutants category (especially the PCDD/PCDF type)
because these are harmful compounds deposed on the
dust surface (by condensation and absorption) [8, 9].
For the secondary copper metallurgy, the typical
emission factor for Europe is 50pg-TEQ/ton of
copper refined (with variation between minimal and
maximal limits, by 5 and 500ug-TEQ/ton). The
reported emission factor by Germany for the shaft
furnace or converter and reverberatory furnaces is
variable 5.6 and 110ug-TEQ/ton and between 0.005
and 1.56ug-TEQ/ton. The reported emission factors
for two furnace from Sweden (for charging was used
clean wastes) was 0.024 and 0.04ug-TEQ/ton.

At the secondary copper production in Austria
was reported an emission factor of 4ug-TEQ/ton. In

Portugal, at utilisation of a gas cleaning system
(cyclone and filter bag, including a cooling step to
prevent the novo-synthesis process of the dioxins) for
electrical furnace utilised for zinc and copper,
respectively for brass elaboration, the emission
factors were variable between 0.09 and 0.4ug-
TEQ/ton.

For Holland, with three companies for the brass
(48kt/year) and copper with bronze (1kt/year) (gifted
later with filtering systems), the undertake emission
factors are 5pgl-TEQ/ton for brass elaboration from
charges lightly polluted, respectively 35ugl-TEQ/ton
for secondary copper and bronze elaboration from
charges with more impurities [10]. For SUA,
according to EPA Dioxin Inventory (US EPA, 2000)
which takes into consideration the recent data related
to the elaboration in shaft furnaces provided with
burner for post-combustion of evacuated gases and
dry cleaning systems, when was used the mixed
charges from copper contaminated with plastic
materials, the emission factor was 779ug-TEQ/t
waste (810ug-WHO-TEQ/ton). The measurements
made for other furnaces of the same type, used to
obtain the blister copper and gifted with post-
combustion systems, cooling towers and filter bags
get the value of 16.618ug-TEQ/t waste or 16.917ug-
WHO-TEQ/t (diminution, of the work condition). For
the third company where were made measurements
and which worked in oxidation conditions with
charges from relatively clean wastes and rotary
furnace with a primary cooling system and Venturi
scrubber, was obtained an emission factor of 3.6ug-
TEQ/t waste or 3.66g-WHO-TEQ/t [11]. For cooper
metallurgy the air and water emission levels, accepted
by World Bank Group (related to the legislation of
the most important countries copper producers and
Pollution Prevention and Abatement Handbook,
adapted to the local conditions of this producers), are
presented in next tables 5 and 6 [12]. The most
dangerous substances which need to taken into
consideration to the secondary copper elaboration
from wastes are dioxins (PCDD/PCDF), the identified
pollutants in the big family known under the name of
idioxinT and classified as belonging to the dangerous
substances category.

Table 5. Maximal admissible level of air emissions from copper production, mg/Nm®

Parameter Maximal value
SO, 1000
Arsenic 0.5
Cadmium 0.05
Copper 1
Lead 0.2
Mercury 0.05
Powdery emissions from elaboration 20
Powdery emissions from other sources 50
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Table 6. Maximal admissible level of effluents at the copper elaboration, mg/Nm®

Parameter Maximal value »
pH 6-9
Total of solid particles in suspension 50
Arsenic 0.1
Cadmium 0.1
Copper 0.5
Iron 3.5
Lead 0.1
Mercury (total) 0.01
Zinc 1.0
Total metals 10

Advance temperatures <3°C **)

*) the value is referred to the direct discharge to the surface water;
**) the effluent can determine the advance temperature but not with more than 3°C in the initial blend zone. If
this zone is not definite, than there can be considered 100 m from the discharge point.

The most important part of them is in air
emissions, his presents in emissions from the gases
current have at origins the chlorine of plastic
materials from wire isolation or the remain of other
organic contaminants presents at the surface of waste
used at the secondary copper elaboration. The PCB
existence in the wire insulations, included in the
dangerous substance category (according to Council
Directive 91/689/EEC regarding the dangerous
wastes), creates supplementary problems for the
treatment of cable waste by thermal methods.

The dioxins are chemical compounds very stable
in generally at temperatures higher than 750°C.
PCDD/PCDF is formed in thermal processes when
the organic compounds and chlorine are presented in
wastes which compose the charging materials
(because of the incomplete burning or as a result of
novo-synthesis specific processes). The presence of
precursors as well as PCB from some insulation
accelerates the dioxins forming. The PCDD/PCDF
are easily adsorbed and condensed on the bigger
surface of the solid fine particle, being especially in
suspension in gases and in a less quantity in other
outlet processes (waste water, soil etc.).

The presences of organic materials and oils in
waste or the presence of other carbon sources
(incomplete fuel burning or reducer like coke) can do
that the carbon fine particles go into reaction with
chlorine compounds, and determine at temperatures
less than 500°C the forming of PCDD/PCDF. For
dioxins generations are necessary the combustion
conditions, but are also important the cooling
conditions of gases formed in the capture
installations. With the oxygen presence, the optimal
interval of temperatures for dioxins formations is
250f500°C.

The specific synthesis processes are accelerated
by the presence of same metals like copper or iron
which have a catalyst role. Because of this the
thermal processes from the copper obtaining play an

important role in the dioxin formation, copper being
the most efficient catalyst of the forming process for
PCDD/PCDF.

5. Measurements for prevention and
control of processes generating of
pollutant emissions

- charges preparation need to have a pre-sorting
of the wastes used in the charges, in correlation
between dimensions and contamination degree in that
way to easily eliminate the insulations, followed by
the gases post-combustion to destroying any organic
compound. Is necessary to use mechanical
preparation techniques for charging materials
treatment with possibility of collecting and capturing
the generated dust. The resulted particles can be
treated for metallical fractions recuperation by
gravimetric and pneumatic separation methods. The
modern methods are necessary in order to remove the
cable insulations (for example by cryogenic
treatment, when these are crumbly and can be easily
separated). It is also necessary to adequately mix the
materials in order to realize homogenous charges,
capable to ensure the processes deployment in
constant parameters, easily controllable.

- effective control of process which need to
develop in constant and stable parameters, at certain
values, can lead to minimisation of the PCDD/PCDF
generated quantities. It is ideal to have the continuous
monitoring of PCDD/PCDF emissions level. If this is
not possible, the other variables like temperatures and
gases compositions, maintainingfstationary time,
smoke parameters at the basket register, need to have
a continuous monitoring and to be maintained at the
optimal values in order to have a minimal
PCDD/PCDF formation.

Other measures, which do not eliminated the
pollutant substance generation, but can offer
prevention tools are:
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- smoke and gas collection by furnace isolation or
work space (the manipulation and transport
installations) and correct selection of the cleaning
systems to eliminate the non-controlled emissions.

- separation with maximal efficiency of dust them
the gases collected. The elaboration processes
generate important quantities of pulverous particles
with small adsorption surface for PCDD/PCDF. By
reducing the quantities of dust and metallic
compounds the PCDD/PCDF emissions are indirectly
reduced.

The particles can be collected in the filtering and
dust collection systems which need to be chosen in
function of physical and chemical characteristics. The
maximal retention efficiency of the pulverous
materials from gases is given be the filter with
texture. For copper or copper alloys making process,
the filters with texture (so called filter with bags or
dust bags) are considered the most efficient cleaning
gas treatment in the secondary copper metallurgy.
The electrostatic precipitator is not recommended
because it has diminished efficiency and oxides, lead
or zinc dense particles retention. The installations
with scrubbers are inefficient because they are
recommended for particles with dimensions bigger
than 1pm and solid particles presented in gases from
copper elaboration having submicrometer
dimensions. For emissions generated in dry processes
(which take place at temperatures more than 150°C)
these can be used filter bags situated after electro-
filter.

Separately, the collected dust can be treated at
bigger temperatures for absorbed PCDD/PCDF
destruction. The modern capture equipments have
included ion-lineT systems for purification and use
the catalytic principles for PCDD/PCDF destruction.

- post-combustion and rapid cooling. Because the
PCDD/PCDF dioxins are formed in the 250/500°C
temperatures interval and are destroyed up to 850°C
in oxygen presence, to reduce the dioxin content,
gases are conducted into a supplementary burning
(post-combustion) chamber, where PCDD/PCDF are
destroyed at temperatures up than 950°C. To prevent
the dioxin formation process after the combustion
chamber, gases are rapidly cooled into ireforming
windowsT. This processing loop can be placed on the
evacuated gasses flow in the capture systems and in
some cold places of furnace, such as the superior one
in which takes place the feeding with charges and is
necessary to oxygen injection. In the same time, to
limit this phenomena it is necessary to reducte to the
minimum the stationary time of the gases in these
windows. The active carbon can be utilized to remove
the PCDD/PCDF from evacuated gases. For this
treatment can be used reactors with fixed or mobile
bad or can inject carbon particles in gases, after this

operation taking place the dust separation in filters
and its treatment.

Recent researches in this domain to reduce and
eliminate emissions of PCDD/PCDF are concentrated
on the catalytic oxidation. In looking to oxidation
process course of components from evacuated gases
until H,O, CO, and HCI, in the temperature interval
of 370/450°C (comparative with typical temperatures
necessary to destroy the PCDD/PCDF which need to
be more than 950°C) by utilisations of some metals as
catalyst. Catalytic oxidation need to take place in a
short time, with small energetic consumption and
maximal efficiency (over 99%). A big efficiency can
be obtained if the evacuated gases are before dust
separated. This method can be applied for
contaminants which are in vaporous stage.

The level of PCDD/PCDF emissions at the
secondary copper elaboration, obtained by application
of the enumerated methods is <0.1ng/Rm*® TEQ (in
standard conditions at 298K and 101.3kPa for dry
gas) or for air 0.01ug I-TEQ/t product and for waste
in 0 - 630ugl-TEQ/t copper interval, for copper
production [7, 11]. The given factor by UNEP for
non-modern sectors of secondary copper elaboration
is 800ugl-TEQ/t copper product, to the non-
controlled burning of cable waste is 5.000ugl-TEQ/t
waste [11].
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ABSTRACT

The capability of microhardness measurement process was assessed by MSA
- Gear Repeatability and Reproducibility method. Experimental sample materials
were: annealed ferrite, semiconductor-grade copper and aluminium. The
measurement system consisted of microhardness tester Hanemann, type Mod D32
coupled with Neophot 32 optical microscope. Measurements were conducted by two
appraisers. Obtained experimental data was evaluated by standard MSA process,
using software Palstat CAQ, modul MSA. The assessment of the GRR capability
indexes led to the conclusion that measurement process non-capability is typical for

microhardness testing and it is also influenced by the type of tested material.

KEYWORDS: measurement
microhardness, MSA, GRR

1. Introduction

The microhardness measurement method is
frequently used for determination of hardness of small
objects, thin layers, and phase identification in
metallography. Its principle is identical to Vickers
method, except for considerably smaller loads used.
The determined value of microhardness depends on
the load, accuracy of scale reading, and the
indentation size. As for every test of mechanical
properties, there is a natural requirement for reliability
of measurement results, which is unthinkable without
sufficient capability of measurement process. There
are two ways of measurement process capability
assessment. The first one is based on analysis of
control processes according to uncertainty of
measurement. The second is based on the
measurement system analysis (MSA). In this case it is
possible to use repeatability and reproducibility
(GRR) or the variability (ANOVA). Due to simpler
realization, the GRR method was used. In the Gear
Repeatability and Reproducibility method, individual
components of the measurement system (measuring
device, operator, measured material...) are analyzed,
and subsequently the capability of the whole system is
numerically evaluated by indices.

Thus it is probable that the process of
measurement taking place in capable system is also
capable.

capability,

repeatability, reproducibility,

2. Experimental materials

Experiments were realized with three materials:
iron, copper, and aluminium.
1. Pure iron - annealed ferrite was divided into 10
samples with size of 5x10x2 mm. Those were cast
into epoxide resin Dentacryl. The grinding was done
on SiC papers with water cooling on gradually
decreasing grain size (according to ANSI/CAMI) 220
- 3000. Water suspension of Al,O; was used for
mechanical polishing. The sample was etched with
5% nital (5% HNO; in CH;0OH) for 10 seconds. The
microstructure was uniform throughout the whole
sample surface, consisting of isoaxial grains. The
grain size was determined according to standard
STN 42 0462 by grain counting method. Mean grain
size 36.3 pm (standard deviation 2.58 um) was
determined from 30 analyses. Before microhardness
measurement samples were grinded on No. 3000
paper and polished as stated above.
2. The semiconductor copper Cu - K3A - 534 EG,
manufacturer VUK Panenské Brelany, Czech
republic was used as experimental material. The
copper was delivered as a cylinder ¢ 40 mm. The
surface for metallographic analysis was prepared in
standard way by grinding through a series of finer and
finer silicon carbide water cooled papers.

The sequence was 220, 2400 and 3000 grit
(ANSI/CAMI grit size scale).
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Finally, it was mechanically polished with Al,Os,
moistened with water and cleaned with ultrasonic
cleaning equipmnent. Polished surface was etched
with 4 g FeCl, - 30 cm® HCI - 1000 cm® CH;OH.

The material had coarse - grained microstructure
with grain diameter of 8 - 15 mm. The samples for
microhardness analysis No. 1 - 4 were taken from the
grain No. 1, the samples No. 5 - 9 from the grain No.
2 and sample 10 was part of the grain No. 3. The
dimensions of samples were 3x5 mm with thickness
of 6 mm. Before microhardness measurement the
samples were mechanically polished as well as before
etching.

3. Electroconducting aluminium STN 42 4004 cast at
760 °C with cooling rate 2 °Cs' was used as
experimental material. Ten samples with size of
10x10x5 mm were taken from the casting. The
sample surface was processed the same way as for
iron samples. For microstructure development etching
solution of 0.7 % HF in water was used. The
semiproduct had a coarse microstructure with grain

diameter gradually decreasing from 170 pm in sample
No. 1 to 90 pm in sample No. 10.

3. Measurement equipment and method

The optic microscope NEOPHOT 32 with
microhardness tester Hanemann, type Mod D32 were
used as measurement equipment. The microhardness
was measured according to standard STN EN 1SO
6507 - 1 with load of 20 g and loading time of 10 s.
The load was chosen so that the size of the imprint
diagonal would not exceed 50 % of the grain size. The
tester was up to standard of linearity between loads 10
- 50 g. Discrimination (readability or resolution) is the
amount of change from a reference value that an
instrument can detect and faithfully indicate.

The measure of this ability is typically the value of
the smallest graduation on the scale of the
equipmentis measurement system. A general rule of
thumb is that the measuring instrument discrimination
ought to be at least one - tenth the process variation.

Table. 1. Discrimination and standard deviation

Material Fe Cu Al

Measurement 1 2 3 1 2 3 1 2 3

Discrimination 5.3 5.0 6.5 3.18 3.33 2.45 0,69 1.6 0.67

SD (HV0.02) 9.29 9.54 11.56 9.49 8.84 7.84 2.09 1.17 1.68
The measurement system is said to have sufficient  trials  (indentations) on each sample The

sensitivity threshold if its resolution is small
compared to the process variability. The
discrimination and corresponding SD are listed in the
Tab. 1. The discriminations for all measurements and
materials were not sufficient.

The measurement was carried out by two (A and
B) same skilled appraisers. Each of them carried out 3

measurements were made in a random order to ensure
that any drift or changes that could occur would be
spread randomly throughout the measurement.

For evaluating a term variability of capability
indices, the microhardness tests were repeated 3 times
on each material.

The results are in Tab. 2 and Fig. 1.

Table 2. The hardness and standard deviations

Microhardness HV0.02

Material Fe Cu Al
Measurement | 1 2 3 1 2 3 1 2 3
Appraiser A 135.3 135.8 140.3 99.9 97.0 95.6 34.9 34.8 32.7
Appraiser B 143.0 139.5 147.7 100.9 97.7 94.9 34.9 34.6 32.3
Aand B 139.2 137.6 144.0 100.4 97.4 95.2 34.9 34.7 32.5
Standard deviation SD (HV 0.02)

Material Fe Cu Al

Measurement | 1 2 3 1 2 3 1 2 3
Appraiser A 8.13 9.59 8.43 9.62 8.77 8.06 2.39 1.36 1.8
Appriaser B 8.89 9.29 13.1 9.49 9.06 7.74 1.8 0.96 1.55
Aand B 9.29 9.54 11.56 9.49 8.84 7.84 2.09 1.17 1.68

Grubbsi test (with significant level a = 0,05 %)
detected no outliers. The statistical outliers indicate
that the process is out of statistical control. Again
ideally, the causes of outiers are eliminated and new
data is obtained. Normal probability distribution is an

assumption of the standard methods of MSA. In fact,
there are measurement systems that are not normally
distributed. When this happens and normality is
assumed, the MSA method may overestimate the
measurement system error.
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Fig. 1. The hardness of individual samples.

Therefore, before use, the data should be checked
to confirm that its distribution is approximately
normal.

The most simple check is probability plotting,
which gives indications of unusual and non-normal
distributions [1]. The normality was evaluated by
normal probability plot, using software Freeware
Process Capability Calculator by Symphony
technologies. The normality of all samples, measured
by particular appraisers was confirmed.

The GRR method - combined estimation of
measurement system repeatability and reproducibility,
described in [2] with confidence 99 % and coverageve
99 % (5,15 o ) was used for capability evaluation. A
GRR study can quickly establish the short - time
performance of a tester, including appraiser influence.
The method will allow the measurement systemis
variation to be decomposed into two separate
components, reproducibility and repeatability, but
does not describe their interaction [4]

As well as %GRR value, determining the process
capability, partial indices %EV, %AV and %PV were

evaluated. Software Palstat CAQ, module MSA, was
used for calculation.

4. Results

The measurement system ought to be under
statistical control before capability is assessed. This
means that under repeatable conditions, the variation
in the measurement system is due to common causes
only. The range control chart is used to determine
whether the process is under statistical control. If all
ranges are in control, all appraisers are doing the same
job. If one appraiser is out of control, his/her method
differs from the others. If all appraisers have some out
of control ranges, the measurement system is sensitive
to appraiser technique and needs improvement to
obtain useful data.

As shown in the Tab. 3, the condition of system
statistical control was not satisfied, except for the
second and the third measurement on the aluminium.
All values outside control lines were measured
equally by both appraisers.

Table 3. Satistical control of measuremet system

Range control chart (% R - % values outside control lines)

Material Fe Cu Al

Measurement | 1 2 3 1 2 3 1 2 3
Appraiser A 0 0 0 10 10 10 10 0 0
Appraiser B 10 10 10 0 0 10 10 0 0
Aand B 5 5 5 5 5 10 10 0 0
Average control chart (% X - % values outside control lines)

Material Fe Cu Al

Measurement | 1 2 3 1 2 3 1 2 3
Appraiser A 10 30 10 60 70 80 20 10 10
Appriaser B 0 30 30 70 80 70 0 0 0
Aand B 5 30 20 65 75 75 10 5 5

The resulting chart for average shows iusabilityT
of the measurement system. The area within the
control limits represents the measurement sensitivity

(inoiseT). Since the group of samples used in the
study represents the process variation, approximately
one half or more of the averages should fall outside
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the control limits. If the data shows this pattern, then
the measurement system should be adequate to detect
part - to - part variation and the measurement system
can provide useful information for analyzing and
controlling the process. If less than half falls outside
the control limits then either the measurement system
lacks adequate effective resolution or the sample does
not represent the expected process variation. With
respect to the Table 2, this condition was satisfied
only for Cu measurements.

The number of distinct categories (indct -
number, based on Wheeler's discrimination ratio)
should be more than, or equal to 5, but values between
2-5 may be conditionaly used for rough calculations.

As it can be seen from Fig. 2, low values of indcT
bear witness of the low capability of evaluated
process. The criteria as to whether a measurement
systemis capability is satisfactory depend on the rate
of the manufacturing production process variability
that is iconsumedT by measurement system variation.
This consumption is characterized by index %GRR.

The value of %GRR < 10 % is generally
considered to be an acceptable measurement system,
the value between 10 % and 30 % may be acceptable
according to the importance of application and value
> 30 % is considered to be not acceptable - every
effort should be made to improve the measurement
system.

5 _
4 - _
o 3 A ]
22 __
W N
. m bl BB B B [ ]
1Fe 2 Fe 3 Fe 1Cu 2Cu 3Cu 1A 2A 3A
measurement/material
Fig. 2. Thevalues of “ndc”.
100
80 - | %EV
60 | 0 %AV
L
40 - m %PV
20 0 %GRR
0 4
1Fe 2 Fe 3Fe 1Cu 2Cu 3Cu 1Al 2 Al 3 Al
measurement/material

Fig. 3. The capability indices.

Repeatability is the inherent variation or capability
of the equipment itself. Repeatability is commonly
referred to as equipment variation (EV), although this
is misleading. In fact, repeatability is common cause
(random error) variation from successive trials under
defined conditions of measurement. Possible causes
for non - acceptable repeatability are equipment,
standard, method, appraisers lack of experience,
environment, wrong gage for the application.

Considering the same micrometer and standard
measurement environment, %EV value depends on
the relation between load and measured materials
eventually getting the method under control by

appraisers. The load is related to the imprint diagonal
size, which should be comparable to the grain size.
%AV index represents the influence of appraisers on
variability, ~for example their  competence,
perceptions, skills discipline and vigilance. It is a
function of average values of individual appraisers.

%PV index is function of range of average
microhardnes of individual samples. It is sensitive to
the variability influence among measured samples.

Its value indirectly defines propriety of used
equipment for measurement.

The value of %PV above 99 % is for very accurate
equipment, above 90 % for suitable, above 70 % for
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satisfactory and above 50% for inaccurate one. The
equipment with value up to 50 % is unsuitable [3].

Analyzed process was non - capable for all
materials and measurements. It is possible, that non -
capability is typical for microhardness, but also
hardness measurement [4,5].

However, it is difficult to achieve only 10 %
variation in hardness testers. The dead - weight testers
typically achieve results of 15 to 20 %. The older
testers in poor condition give much worse results [6].

Fig. 3 shows that the value of capability indices
depends more on material type than repeated
measurements; considerably lower values of %GRR
were obtained for copper (average 42,1 %) than for
iron (average 76.5 %) and aluminium (average
77.9 %). Two-factor analysis of variance between
groups (ANOVA) without repeating confirms this
conclusion for indices %GRR, %EV and %EV.

The lower values for copper may have been
positively influenced by lower ratio of imprint
diagonal to grain size, i.e. lower uneven influence of
the results by grain interfaces.

5. Conclusions

1. The microhardness measurement process is non-
capable for all three materials.

2. Non-capability is typical for microhardness (and
hardness) measurement.

3. Capability is influenced by the measured material.
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ABSTRACT

The paper presents the bending fatigue testing for four steel brands. The test
showed that the fatigue strength is decreasing with the increasing of both ingot size
and the rolled sheet thickness. The fatigue strength is varying following the ingot
area and the orientation of cutting direction versusrolling direction.

KEYWORDS: fatigue strength, ingot cast steel, continuously cast steel, rolled

sheet thickness.

1. General considerations

It is well known that the behaviour of elements in
metal constructions (shapes, sheets) and certain
machine elements (shafts, axes, crankshafts etc.)
depends on the semi-finished products, casting and
rolling technology, among others factors, [1]. As the
result of initial solidification from the molten state,
before any of the operations to forge or roll it into
useful sizes and shapes have begun, inherent flaws
are present in metal.

Primary pipe is shrinkage cavity that is formed at
the top of an ingot during metal solidification, which
can extend deep into the ingot. Blowholes are
secondary pipe holes in metal that can occur when
gas bubbles are trapped as the molten metal in an
ingot mold solidifies. Many of these blowholes are
clean on the interior and are welded sheet into sound
metal during the first rolling or forging of the ingot.
However, some do not weld and can appear as seams
of laminations in finished products.

Segregation is a non-uniform distribution of
various chemical constituents that can occur in a
metal when an ingot or casting solidifies. Segregation
can occur anywhere in the metal and is normally
irregular in shape. However, there is a tendency for
some constituents in the metal to concentrate in the
liquid that solidifies last.

The conventionally ingot cast steels have strongly
segregated non-uniform distributions of carbides
oriented in the direction of rolling, [1]. The obtaining
by ingot casting of pure metal, without segregations
and blowholes has as consequence the removal of the
center which forms primers of the breaking fissure,

especially at variable strains. Practice shows that as
the ingot dimensions increase, their crystallization
coarsens and segregation accompany it.

In case of continuous casting the quite rapid
solidification does not allow a good elimination of
inclusions and blowhole through flotation.
Continuous castings are the most efficient way to
solidify large volumes of metal into simple shapes
with consistent quality, [2].

The ensuring through rolling and thermal
treatment of the semi-finished products uniform
structure leads to splitting or welding workings, to the
burns avoidance, zones with a higher hardness but
which can be primers of breaking. In the case of
rolling of steels obtained appears the impossibility of
casting structure modification because the reduction
rate by thermal plastic strain is too small. Though
casting and rolling technology greatly influences
fatigue strength, the existing literature contains
generally qualitative information.

Statistical scatter [3] of fatigue strength is not only
a very important factor for the high strength steels but
also for the low strength steels containing various
types of defects. Especially in ingot cast steels the
fatigue strength is controlled by the non-metallic
inclusions which become the fatigue fracture origin.
In a volume of material subjected to the cyclic stress,
the fatigue failure occurs at the largest defect that is
present in the volume; fatigue fracture is the so-called
weakest link phenomenon, [4, 5]. Thus the
mechanical properties of steel are controlled to a large
degree by the volume fraction, size, distribution,
composition and morphology or inclusions and
precipitates, which act as stress raisers, [6, 7, 8].
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2. Tested materials and applied method

There have been studied four steel brands (Table
1) with: R, = (353+380) MPa; Ry, = (520+580) MPa.;
As = (22+23)%.

Table 1
Brand B, B, B; B.
% C Max. | 0.22 0.13 0.14 0.12
(ingot) | Min. | 0.12 0.09 0.13 0.10
%C | Max.| 021 | 010 | 015 | 0.16
(cont. -

The samples have been alternately symmetrically
bended by rotating them with a frequency of 1500
rot/min. Wohler curves have been drawn based on the
obtained results.

3. Experimental results

Figures 1, 2, 3, 4 contain the experimental results
for steels B;, B,, B3, B4 respectively, [9, 10].
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The following abbreviations have been used:

Cmaxs Cmin i maximum, respectively minimum
percentage of carbon;

-head fi samples from ingotis head;

-foot fi samples from ingotis foot;

-long fi samples cut on the rolling direction;

-trans A samples cut perpendicular on the rolling
direction;

-15t fi ingot of 15 tons;

-25t fi ingot of 25 tons;

-thick.20 fi samples made of 20 mm thickness
sheets;

-thick.40 - samples made of 20 mm thickness
sheets;

-c.c. - samples made of continuously casted
sheets.

Tests prove that fatigue strength of samples made
from ingots of 15 t is higher with around 10% than
the fatigue strength of samples made from ingot of 25
t (figure 1, curves 2 and 4; figure 2, curves 6 and 4;
figure 3 curves 1 and 9; figure 4 curves 1 and 9).

Samples of sheets from ingotis foot have a fatigue
strength higher with around 5% than of samples
drawn from ingotis head (figure 1, curves 5 and 1;
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figure 2 curves 6 and 4; figure 3 curves 6 and 2;
figure 4 curves 4 and 6).

Samples made of 20 mm sheets have a fatigue
strength of about 10% higher than those of 40 mm
(figure 1, curves 2 and 1; figure 2, curves 3 and 5;
figure 3, curves 1 and 2; figure 4, curves 3 and 1).

Fatigue strength generally diminishes at samples
transversally drawn in comparison with those
longitudinally drawn (figure 1, curves 3 and 1; figure
2, curves 6 and 1; figure 3, curves 3 and 1; figure 4,
curves 4 and 1). For samples drawn of sheets
obtained from ingots the influence of carbon content
on fatigue strength within the same steel brand is
negligible (figure 1, curves 5 and 1; figure 2, curves 1
and 2; figure 3, curves 1 and 2; figure 4, curves 4 and
1). For samples drawn of continuously casted steel
sheets the fatigue strength is not influenced by the
rolling direction (figure 1, curves 9 ad 10; figure 3,
curves 7 and 8; figure 4, curves 7 and 8).

The diminishing of continuously casted sheet
thickness has as effect the increase of fatigue
strength. Thus, the diminishing of sheet thickness
from 40 to 20 mm leads to a fatigue strength increase
around 5% (figure 1, curves 8 and 9; curves 9 and 8).

Unlike sheets obtained of ingot in case of
continuously casting, within the same steel brand, the
influence of carbon content on the fatigue strength is
most obvious.

Thus, by increasing the carbon content the fatigue
strength increases as well (figure 1, curves 9 and 7;
figure 4, curves 8 and 9).

The fatigue limit of steel obtained by continuous
casting is smaller than that of ingot cast steel (figure
1, curves 2 and 7; figure 2, curves 1 and 7; figure 3,
curves 1 and 8; figure 4, curves 1 and 7).

The values of fatigue strength obtained for tested
materials are presented in Table 2.

Table 2
0.1 [M Pa]
» s long. trans. long. trans.

151 head 305 (305) 290 275 -
foot - - 295 -
B; 25 t head 280 - - -

foot - - -
cont. cast. 275 (255) - 255 -
15t head 270 (280) 265 255 -
foot - - 270 -
B, 25 t head 260 - - -
foot - - - -
cont. cast. 250 (225) 240 - -
head 290 (290) 275 270 -

15t

foot - - - -
B; 25 1 head 270 - - -
foot - - - -
cont. cast. 250 260 - -
151 head 230 (205) 220 205 -
foot - - 220 -
B, 25 t head 205 - - -
foot - - - -
cont. cast. (205) - - -

Note: the values in the brackets are obtained for a minimum carbon percentage.

The analysis of fatigue tests on samples made by
ingot steel brands (figures 5, 6, 7, 8) show a narrow
scatter of experimental results.

Results obtained at testing the samples obtained
by continuously casting technology shows a wider
scatter of results (figure 9).

The two behaviour types in case of fatigue
subjected samples can be considered as a result of a
higher reduction ratio, due to rolling technology, in

case of samples obtained from ingot comparing with
those obtained by continuously casting method.
The same aspects can be praised in the resultsi
scattering area analysis in fatigue life case, table 3.
The slopes of fatigue curves of steel brands (Eqg.1)
result from linear regression analysis.

g, -0,

=— = 1
IgN, - IgN, @
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Following the concept of normalized Wohler
curves [11] was analyzed the scatter band of
experimental results (table 3).

The experimental results are included between a
inferior and superior curves resulted from regression

analysis.
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Table3
Steel Slopes of fatigue curves k
brand inferior | superior | difference
B, fi ingot cast 52,17 62,31 10,14
B, fi ingot cast 43,7 50,72 7,02
Bsfiingotcast | 36,23 36,23 0
B, fiingotcast | 46,15 48,83 2,68
cont. cast 36,23 50,79 14,56
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4. Conclusions

The experimental tests worked on the four steel

brands indicate that:

- Fatigue strength increases with the diminishing of
both ingots dimensions and rolled sheets thickness, in
case of either ingot cast steel and continuously cast
steel. Rolled sheets of ingotis foot have higher fatigue
strength than those rolled from ingotis head. Fatigue
strength is higher for samples cut on longitudinal
direction than those cut on transversal direction in
case of ingot rolled sheets. This phenomenon is not
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manifest in the case of continuously steel rolled
sheets.

- Fatigue strength increases with the increase of
carbon content. Within the same steel brand, for the
ingot rolled sheets the variation of carbon percentage
is negligible. For the sheets rolled of continuously
cast steel, the fatigue strength increases the carbon
content

- The fatigue strength of continuously cast steel is
about 15% smaller than that of ingot cast steel.

- Experimental results indicate a wider scattering area
for fatigue resistance values obtained in continuously
casting case samples, comparing to the ingot cast
ones.
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ABSTRACT

The paper presents some results about the tension state in samples subject to
pure bending fatigue process. Numerical simulation based on finite element method
was used. The tension field induced by a vertical deformation imposed at the
sample ends was generated on an original patented machine. The studies were
carried out on two steels currently used in pressure vessel industry. Experimental
data are in good agreement with the simulated ones.

KEYWORDS: steel, fatigue, low frequency, lattice parameter, texture, X-ray

diffraction

1. Introduction

Developing mechanical constructions for the
pressure vessel industry, aircrafts, construction
equipment or shipbuilding calls for the investigation
of the characteristics of the materials subject to a
small number of tension load cycles close to the
material elasticity limit [1].

To get a deeper insight into some aspects related
to damage process of the materials used in the
machine manufacturing variably subject to pure
bending, a universal testing machine was designed
and patented [2]. The steels considered for the
investigations were: OL50,10TiNiCr180 basically
used for the construction of pressure boiler and
vessels.

To analyze the pressure states at the given
moment, under forced deformations subject to pure
bending on the above universal machine, the FEM
method was applied.

2. Real structure discretization.
Description of fem and the model used

The real structure discretization process consists
in replacing the given structure, which is continuous,
by a discrete one which is discontinuous and
idealized.

The study of to the given structure is substituted
by an approach to the entire assembly of the finite
elements as obtained from discretization. [3]. Thus,
the elastic element in Fig. 1, which represents the
type of sample to be used for fatigue tests at high
tensions and small number of cycles, has the shape of
a plate.
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Figure 1.

The finite element used is an iso-parametric
rectangular thick shell of six degrees of freedom
across each node, and 24 degrees of freedom across
an element which simulates the membrane and
bending plate effects.

The sides of the quad element are straight, a
disadvantage eliminated by a fine discretization in the
curvature radius area.

Across the thickness five surface layers (Fig. 2)
were considered by a suitable modeling of the tension
field and the surface layer in the Z direction.

=
&
Ly =R
T e e
LLy¥sR 2
1 GG [P ——— e e
SORES S
- ; 'T'
& O LivER 2
L':" LAYER &
Figure 2.

-62 -



THE ANNALS OF iDUNAREA DE JOST UNIVERSITY OF GALATI.
FASCICLE IX. METALLURGY AND MATERIALS SCIENCE
N°. 2 fi 2008, ISSN 1453 fi 083X

The finite element model considers the
displacement field as the main unknown parameter
and assembling the structure finite elements results in
a lineal algebraic problem of generalized nodal
displacement unknown parameters.

The model used is the one illustrated in Fig. 3
with the following boundary conditions; free
displacement and rotations blocked d,=0, r,=0, r,=0
and forced/imposed displacement d, (implicity angle
a) at the fixing ends. The materials used for the
samples have the features given in Table 1. [4, 5]

To make the appropriate calculations by the FEM
method the program MARC version 6.2 was used.

Data pre i and post processing was carried out by
MENTAT Il 1995 program. The operating system is
HP UNIX 10.10 installed on a work station HP 712 of
processor PA RISC 9000.

The program is provided by the company MARC
Analysis Research Corporation, California, USA,
tested and recommed by Germanischer Lloyd and
Technical University from Germany and Holland [6].

A
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.--I..-'
i =
1 w
& i B F
PR .
Figure 3.
Table 1.
a; E
Steel [MPa] v [MPa]
OL 50 210 0.30 | 2.1010°
10TiNiCr180 205 0.26 | 1.9310°

After running the program for the two types of
materials, for the imposed deformations the max
sample tensions were obtained under the yieding limit
at pure bending static load. The results are given in
Table 2.

Table 2.
Steel A [OL50] Steel B [10TiNiCr 180]
E=2,1 10° [MPa] E=1,93 10° [MPa]
No O max z a O max a
Z [mm]

[MPa] | [mm] [grad] | [mPa] [grad]
1 230 0.84 1.84 150 0.6 1.31
2 250 0.91 2 170 0.68 1.48
270 0.99 2.16 190 0.76 1.66

The paper presents the tension states at pure
bending load for one sample only, at an imposed
deformation, of alloyed steel currently used for the
pressure vessels manufacture. Figures 4-6 illustrate
the results of the FEM analysis for the alloyed steel
OL50 (for 3 layers) as follows: fig. 4 shows the
displacements over direction z, fig. 4.1 shows the
axial tensions at the surfaces compression (layer 1),
fig. 4.2 f detail from 4.1 for the area concerned, fig.

4.3 f the values of the network nodes for tensions
ox=01;, fig.5.1 and 5.2 present elongation values
O0x=01; at z=2.16 mm(layer2) and finally fig. 6.1 and
6.2 the elongation tension on the inner face (layer 3).

For all the other cases of imposed deformations of
the two types of steels given in Table 2 the same
variation laws of the normal tensions ox=0y; in the
element layers.
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Conclusions

From the analysis of figures 4-6 it can be seen in
the area concerned that tensions are uniform over a
stress layer while linearly varying across the layer
thickness (the Navier model of tension distribution is
complied with).
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ABSTRACT

Within the frame of this work, the technical procedures and real advantages of
using Glow Discharge Optical Emission Spectroscopy (GDOES) for establishing
depth concentration profiles of surfaces are presented. GDOES can detect low
concentrations with high accuracy. It can be used for either quantitative bulk
analysis (QBA) or quantitative depth profiling (QDP) in the nanometer to micron
range. Non-conductive and conductive samples can be analysed.

The main applications of this spectral method are related to different technology
fields such as. heat treatment processes, casting, heat and cold forming processes,
thermochemical treatments, electro-chemical processes (galvanic coatings),
chemical and physical vapour depositions (CVD, PVD), thermal oxidation processes

and anodizng, thin-films and others.

KEYWORDS: glow-discharge, deep-profile composition, spectrometry

1. Introduction

The increase of requirements for process control,
quality assurance and documentation of product
quality has led to an increased interest in the Glow
Discharge Optical Emission Spectroscopy. Major
organisations linked to the steel manufacturing
industry, work for the establishment of an
international standard for Zinc coating analysis by
GDOES, where the technique is well established. The
standard is currently being discussed in ISO TC 201,
and in various European committees.

GDOES has various acronyms. GD-AES, GDOS,
SDL, GDA, GDS. The GD source (or GD lamp) used
in most commercially available GDOES instruments
is based on the original design of the Grimm source.
GDOES is an analysis technique used to determine
the elemental composition of solids. A plasma is
created by applying high voltage over an anode and
cathode (the sample), thus igniting the argon gas in
the analysis chamber. The argon gas is ionized and
the ions are accelerated towards the sample,
sputtering the sample surface. The sputters atoms
from the sample are excited within the plasmato give
optical radiation. Since each element has a unique
radiation pattern and the intensity can be measured
using photon detectors, the concentration of the

elements can be determined by comparison to known
standards.

Glow Discharge Analysis (GDA) made its first
appearance in 1968 and was designed primarily for
bulk spectrochemical analysis of various metals and
their aloys. Since its introduction, this method has
been steadily developed and has excelled in the areas
of surface and coating analysis as well. Compared
with conventional excitation techniques, the striking
feature of Glow Discharge technology is the ability to
discern defined surface layers in the material being
examined. In the field of metal analysis the GDA is
ideal for concentration profile analysis and surface
analysis. All kinds of surface treatment processes as
well as surface coating processes can be monitored by
analyzing the surface and near-surface areas of the
treated material. Coating thickness and chemical
composition can be accurately measured using the
technique of depth profile analysis. Glow Discharge
Spectroscopy is the preferred method of analysis for
materials that were previously impossible to analyze
by traditional methods. Non-conductive materials and
coatings such as glass, ceramics, varnish and paint
layers can be analyzed using the optional Radio
Frequency source.

Generally, the fields of application are: Heat
treatment processes — in particular treatment of
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ferrous and non-ferrous aloys, casting, heat and cold
forming (forging, milling, drawing, deep-drawing)
steedl and non-ferrous aloys, electro-chemical
(galvanic coatings), chemical and physical vapour-
phase deposition (CVD, PVD), therma oxidation
processes and anodizing (anodizing process), thin-
film technologies (ion implanting), thick-film
technologies (plasma-powder polymer coatings).

. GD-OES is capable to analyse solid material
with only little sample preparation;

. Due to the multi-matrix calibration GD-OES
is a versatile tool for depth profiling on such
materias;

. The analysis time is short compared to other
depth profiling techniques;

. Low consumption of resources (Ar < 0.5
[/min);

. Easy operation of the equipment. The
majority of the instruments are working in industrial
labs or close to the production line.

2. Theoretical Background

In terms of GD-OES basic design, a hollow anode
glow discharge chamber serves as the light source for
the spectrometer. The two eectrodes of the discharge
cavity are designed as a tubular grounded copper tube
and the flat sample to be analysed. In fact, the sample
closes the discharge cavity: sample introduction is
therefore extremely simple. The electrical power is
supplied directly to sample. The spectrometer
displayed here uses a concave grating in the Rowland
circle or Paschen-Runge configuration and photo-
multiplier tubes (PMT) for the light detection. The
use of solid state detetectors, CCD's and photo diode
array's have become a common alternative for PM
Tubes. These detectors allow the acquisition of the
entire spectrum, or at least a large portion of it, but
are usualy slower then PM Tubes and therefore not
suitable for very short acquisition times used in thin
film analysis. A schematic layout is given in figure 1.

Phodormuliplier tubs
Fonwland cuele

Source

Fig. 1. The schematic layout of GD-OES design

After calibration, glow discharge optical emission
spectroscopy can provide a quantitative depth profile
(QDP) or compositional depth profile (CDP) of
materials.

The glow discharge source (figure 2) is
constructed by the so called Grimm type design with
the sample acting as electrode and simultaneous
sealing the source. The instrument can be equipped
with anodes of 2.5 mm, 4 mm, and 8 mm inner
diameter defining the size of sputter crater and the
required sample surface.

pump

focussing
entrance lens

anode

l ; rathode
insulation

purmg

Fig. 2. The schematic layout of Glow
Discharge Source (Grimm type)

Thus, the detector systems used in GD-OES
could be: GD — PMT (High sensitivity / High speed),
GD - CCD (High sensitivity / Channel flexihility),
GD - PMT/CCD (High sensitivity, speed and
flexibility).

3. Experiment

The paper presents some experimental data of
GD-OES analytical possibilities. For the experimental
program, a performing GDA-750 Spectruma f
Analytik Spectrometer (manufactured by Spectruma
— Analytik GmbH, Germany) was used.

With over 60 analyticd element channels
available, the GDA-750 Glow Discharge
spectrometer is perfect for demanding applications
requiring high resolution and analytical precision.
Coatings can be analyzed down to a depth of 200pm,
with a resolution of one atomic layer on the surface
and 10% relative in deeper regions. The analytical
software is powerful and flexible; chemical
composition can be determined along with other
characteristics such as density or mass distribution in
the area of the layer being examined. Comparison of
the surface characteristics before and &fter the
technical coating process (CVD, PVD) ensures that
the production process is being optimized and that
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costly mistakes are avoided. The GDA 750 is also
capable of bulk analysis (chemical composition of
materials) providing superior linearity of calibration
for complex matrices. Using the optional Radio
Frequency Glow Discharge Lamp, the GDA 750 is
proficient in analyzing non-conductive materials such
as ceramics, glass and paint layers. GDA automation:
automation of sample handling tuned to customer
requirements (to/from conveyor belt-magazine-
tipping pallet) by means of robotics is also possible.
GDA 750 is used for the direct analysis of solids; two
modes of operation are possible: Bulk mode
(integrated intensities/conc), and DPA mode (time
resolved intensitiesconc). All elements of the
periodic system detectable from 0,1ppm - 100% in a
depth range: <10nm - >100pm.

In terms of GDA-750 RF excitation equipment,
formerly, an impedance matching device
("matchbox") was used to adapt the plasma
impedance to the output of the RF generator. At
present, it will be replaced by the newly developed.

Spectruma RF generator. With this, instability of
the RF power after switching on is reduced to a
minimum. This makes possible the anaysis of thin
layers. Capacitors, which have to be adjusted
according to the plasma impedance and which often
have caused a second analysis, are no longer present.

The optical detection system is designed as a
polychromator based on the Paschen-Runge mount.
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The polychromator is equipped with a 2400
grooves/mm master grating with a focal length of 750
mm offering aresolution of 20 pm. Up to 64 emission
lines can be detected with selected PM Tubes (PMT).
The polychromator vessel is evacuated to extent the
spectral range into the deep VUV region allowing the
observation of wavelength down to 120 nm. Elements
of interest like Nitrogen, Carbon, Sulphur and
Phosphorous are easily detected using their most
sensitive first order spectral lines. A set of CCD
detectors can be added covering the spectral range
from 200 nm to 800 nm. Another option is a
monochromator with a spectral range of 200 nm to
730 nm. This adds flexibility in the choice of
elements to be analyzed and spectral lines to be used
without technical changes.

4. Results

For the beginning is given an example of an
Aluminum clad material.

Usually this material is used in the automotive
industry for radiator tubes, condenser tubes etc.

The defining characteristic of this type of product
is that the material is actually two different aluminum
aloys bonded together in the manufacturing process
by heat and pressure.

This creates a multi-layer system, which at first
glance may seem to be one solid piece.

L)
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Fig. 3. Alumirum cladding GD-OES analysis resulls

Producers of this material must control not only
the thickness of the clad, but aso the possibility for
surface or clad contamination coming from elements
migrating from the core to the outer layers. The clad
material analysed in Figure 3 consists of a 4043
aluminum alloy bonded to the core material, which is

a 3005 alloy type. The thickness of the clad material
is 30 microns as seen by the graph and the following
data table (figure 3). Secondly, it is presented an
example of analysis of zinc coatings. This analysis
gives the possibility to know integration of the Zn-
concentration or total concentrations versus depth

-69 -



THE ANNALS OF “DUNAREA DE JOS’ UNIVERSITY OF GALATI.
FASCICLE IX. METALLURGY AND MATERIALS SCIENCE
N°. 22008, ISSN 1453 — 083X

delivers the coating weight and to control the
important elements in the coating like Al, Pb (figure
4). Figure 5 presents the results of GD-OES analysis
in the case of athin - film, CrNiAl type, deposited on
a super-alloy used for turbine blade manufacturing.
Figure 6 presents a wire spectral analysis, using
an USU adaptor for wires, which offers an easy

sample exchange, a defined sample position and is
flexible in sample diameter. Next figure (7) shows
the analysis results for a semiconductor layer (GaN)
on a saphir base containing a Mg enriched zone of
some nm. The maximum Mg-concentration is
250ppm.

coating weigh: 6 5;..'r'|"

Sealny
Fed 100%
100%
1%
10%
INT%
1%

Zn
=]

=

=18

Fig. 4. Zn coating GD-OES analysis results (including the coating weight)

e o
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Fig. 5. CrNiAl thin-film GD-OES analysis results (substrate-turbine blade)

-70 -



THE ANNALS OF “DUNAREA DE JOS’ UNIVERSITY OF GALATI.
FASCICLE IX. METALLURGY AND MATERIALS SCIENCE
N°. 22008, ISSN 1453 — 083X

E "T-!-._ :
E i I'I : ig [ r
i= |/
" L L]
Lt f .y
B B
: (Ill .
al :
7 ":\" _.\. - L —— L s |
; 'E'.. e 0 L n_Ee F
g : = A s

Tok o g duitivnd e caben’ Liji uins e Ocylfalrap

A A0ErTn G Lawer on IE0E

E
oo
o,
f
]

N 1SR R & phio onberap
i
=0 o

; % i R
; w_:'l.'—\‘_gliwﬁ-m-ﬁlllrvﬁ.rﬂv‘b bﬁ"‘llllhrl"nt.. AE ||:,-'-|' J\'ﬁ'-?ﬁ

A
(e, 00 H:.fh:h.gc- 3

ek fe
Fig. 7. GD-OES analysis of a GaN semiconductor layer

Table 1. Comparative economical analysis on different spectral techniques

Estimative acquisition| Costs for consumables
Instrument Manpower
cost /month
GDOES 130.000,-€ approx.150,-€ Laboratory assistant / engineer
REM/EDX 250.000,-€ approx.250,-€ Laboratory assistant / engineer
AUGER 500.000,-€ approx.3.000,-€ Engineer /doctor’s degree
SIMS 500.000,-€ approx.3.000,-€ Engineer /doctor’s degree
ESCA 500.000,-€ approx.3.000,-€ Engineer /doctor’s degree
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Referring on  the RF-GDOES  anaytical
possibilities, figure 8 presents the depth concentration
profiles of a successon of 60 layers,
TiN/TiAIN/../TIAIN/TIN/S types, with approx. 3nm
per layer.

In terms of prices, sustenance costs, consumables
and the necessary manpower, table 1 presents a
comparative analysis.

5. Conclusions

In the field of metal analysis, the GDA isideal for
concentration profile analysis and surface analysis.
All kinds of surface treatment processes as well as
surface coating processes can be monitored by
analyzing the surface and near-surface areas of the
treated material. Coating thickness and chemical
composition can be accurately measured using the
technique of depth profile analysis.

T T
200 28N

[TIAIN/TIN/S thin - film

Glow Discharge Spectroscopy is the preferred
method of analysis for materials that were previously
impossible to analyze by traditional methods. Non-
conductive materials and coatings such as glass,
ceramics, varnish and paint layers can be analyzed
using the optional Radio Frequency source (GDA 750
spectrometer — Spectruma Analytik GmbH).
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MECHANO-EROSION: A NOVEL TEST METHODOLOGY
TO ACCELERATE EROSION IN ROLLING
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ABSTRACT

Rolling contact fatigue testing of rolling elements with low saturation
temperature lubricants result, in several difficulties. Mainly, uncontrolled phase
changes due to flow dynamics often cause difficulties in assessing the lubricant
effect on fatigue life. This work simulates these conditions for testing in a controlled
environment to understand the mechanism of material wear. A rotary tribometer
was modified to allow an ultrasonic transducer. This modification made it possible
to bring the two different phenomena Rolling contact fatigue and Erosion together.
With this novel testing method, erosion was created on the contact track within a
short period of time. Moreover, Erosion characteristics and its effects on rolling
contact fatigue testing were monitored and these preliminary results are presented

in this paper.

KEYWORDS: Rolling contact fatigue, Rotary tribometer, Ultrasonic transducer,

Erosion, Lubrication.

1. Introduction

Hybrid bearings made of silicon nitride rolling
elements with steel races have shown several
advantages over all steel bearings [1, 2, 3].
Particularly in refrigeration and air-conditioning
units, the ability to run in working fluid eliminates the
necessity for a separate oil lubrication system and
offer many advantages [9, 11]. This concept of oil-
free lubrication opened up huge potential applications
in compressors and pumps used in refrigeration and
air-conditioning units, high speed and light weight
turbo pumps used in space applications. In employing
refrigerant as pure lubricant, careful measures are
made to ensure that the refrigerant stays in the liquid
state for lubrication purposes. However, phase
changes due to pressure variations at high speeds
cannot be avoided which result in cavitation, a
primary concern for material wear in this area of oil-
free lubrication. Also, due to high speeds and loads
rolling contact fatigue plays a part in material damage
along with cavitation. Wear characteristics in this
application is not clearly understood. Any further
advancement in this field largely depends on
understanding this wear mechanism which limits the
bearing speed and life. Wear of mechanical systems
with refrigerants and Rolling contact fatigue testing
of these materials in refrigerant lubrication was
reported [4, 10]. The gas/liquid phase transition has a

significant influence on the wear mechanisms of
traditional lubricants and need to be investigated [4].
Hence a controlled level of gas/liquid phase in
lubricant whilst testing is necessary to perform this
study. Rolling contact test machines alone are not
suitable to perform this testing. A new test machine
or an available test machine should be modified for
this task. This work presents a novel test
methodology to address this issue by modifying a
rotary tribometer.

2. Testing methodology

A rotary tribometer and an ultrasonic vibratory
system are utilized for this testing. Different types of
rolling contact fatigue test machines are used to study
material wear and lubrication characteristics in rolling
contact. These are (1) Four-ball machine, (2) Five-
ball machine, (3) Ball-on-rod machine, (4) Ball-on-
plate machine, (5) Disc-on-rod machine and (6)
Contacting ring machine. The major difference
between these test machines are the contact geometry
and loading configuration of test materials.
Laboratory cavitation erosion experiments can be
broadly divided into hydrodynamic and acoustic
cavitation. Acoustic cavitation is a process of creating
cavitation by applying high intensity ultrasound to
liquids. This is advantageous over hydrodynamic
method, with a small test rig size, consumes less
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power and creates erosion in a short duration of test
time. Acoustic cavitation uses either a piezoelectric or
magnetostrictive transducer.

2.1. Ultrasonic vibratory system

This work utilizes a commercially available
ultrasonic vibratory system, which has an ultrasonic
generator and a piezoelectric transducer as main
components. This high power intensity system can
generate acoustic power in the order of 400 -600
watts. This piezoelectric transducer end is coupled
with a horn by a screw. The purpose of the horn is to
amplify the vibration generated by the transducer.
The transducer-horn assembly design is a stepped
structure and is made of titanium alloy to provide
superior resistance to cavitation.

H=IOF FLTRN
TRSEIMER

-+ O

= LAkS
jlt}gn

Fig.1. Cavitation erosion test setup

This system operates at a fixed frequency of 20
KHz. Amplitude of vibration of the horn can be
adjusted from 0 A 60 pm peak-to-peak and
continuously monitored during the tests. The horn
design was carefully selected to couple with the test
chamber of the rotary tribometer.

A horn diameter of 5 mm and the total length of
the transducer horn assembly of 95 mm are selected
for this purpose. Initially, cavitation erosion
experiments on silicon nitride are conducted to test
this system and also for later comparison to the
results obtained from the new testing methodology.
Fig.1 shows the schematic of cavitation erosion test
setup. These experiments were conducted in distilled
water.

Commercially available silicon nitride rolling
elements were used as test materials. A low form
beaker was used as testing system with distilled water
in it. This test method was carried out in accordance
with the ASTM standard [14]. Test specimens are
generally machined to a threaded form which is then
attached to the horn tip. For materials with machining
difficulties, stationary specimen approach is used.

This approach allows holding the test specimen
stationary in a holder close to the transducer horn.
Because it is difficult to machine a silicon nitride ball,
the stationary specimen approach was selected for
this testing. Before testing, test specimens were
visually examined using a light microscope to make
sure they were free from any surface defects. The
distance between the horn tip and the test specimen
was determined by a feeler gauge. The piezoelectric
transducer was excited at full power and a magnitude
of vibration of 60 microns. Erosion initiation was
noted in a very short duration of time of three
minutes. These initial stages showed surface
roughening, which accelerated the rate of material
removal. Tests were continued for a maximum
duration of 30 minutes and severe erosion was
observed as shown in fig. 2 and 3. Material removal
was largely due to the formation of pits resulting from
grain pull outs. In later stages, pits joined together
and appeared to be larger ones. This resulted in huge
loss of material. These experiments are vital for
understanding the erosion behaviour in the new test
method. Moreover, this erosion test system was
satisfactory to be utilized for this study.
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Fig.3. High magnification of erosion
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2.2. Mechano-Erosion testing

The four-ball machine presented in this paper is a
TE92 Microprocessor Controlled Rotary Tribometer.
Advanced control and instrumentation in this
machine makes it possible to conduct tests in a wide
range of speeds and loads. The test chamber consists
of a steel cup, oil bath, lower balls, and an upper ball
for applying load and transferring motion effectively
as shown in fig.4. The cup, lower three balls and the
upper ball represents the outer, rolling elements and
inner race of a bearing respectively. This test chamber
simulates an angular contact ball bearing
configuration.

This test machine is very useful for rolling contact
fatigue study of materials under different conditions
[5-7, 121i13] and hence selected for this work.

The upper ball is fixed to a drive spindle and its
accurate positing is achieved by two rigid vertical
columns of the machine. Load is applied by a
pneumatic actuator; this actuator assembly includes
an in-line force transducer to get the direct feedback

TRANSIEICER

control. Direct friction and torque measurements are
also possible by a strain gauge transducer attached to
the test adapters, which are mounted on a cross beam,
guided by linear bearings on the machine columns.
Tests can be conducted at high temperatures up to
200 °C which is continuously monitored by a
thermocouple attached to the test chamber. A
computer connected to the machine, provides a
graphical user interface to run, control and record
tests. A test is a set of series of steps, each with load,
speed and temperature, data recording and alarm
information. In order to combine erosion testing to
this rotary tribometer, the four ball machine test
chamber had to be modified. The best way to achieve
this is to include the erosion setup in the test chamber
as shown in fig 4. From the erosion bench testing, it
was found that the rate of erosion was proportional to
the distance between the transducer horn and the
sample. The closer the horn tip to the test specimen
would increase the erosion rate and therefore reduce

the test time.
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Fig. 4. Schematic of Mechano-erosion test configuration

A port had to be designed and made in the steel
test cup to fix the piezoelectric transducer. The
location of the port was carefully designed to allow
the horn tip to be held close to the rolling elements
and ensured no disturbance to their dynamics by
contact. A high carbide drill bit was used to create the
port of 6 mm diameter on the steel cup. Major
challenge rose when a proper sealant had to be found
to seal the transducer in the port. The purposes of the
sealant are as follows:

1. To hold the piezoelectric transducer in the
test chamber

2. To seal
lubrication leakage

off the port to prevent any

3. To allow the transducer horn to vibrate
freely without constraining, and thereby eliminating
any heat generation due to sliding contact.

This eliminates the possibility of using any
mechanical seals. A high temperature adhesive
sealant was selected for this purpose. The female part
or the port on the steel cup was filled with this sealant
and was allowed to set for a time period of 24 hrs.
The centre point of the port was carefully marked and
a hole of 4 mm was drilled. This helped the
piezoelectric transducer to fit tight enough into the
port as shown in fig. 4. The distance between horn tip
and the rolling elements was fixed for all tests. One
other important design alteration was to create a
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support for the piezoelectric transducer in the rotary
tribometer. This is because when testing starts, the
two rigid vertical columns guide the test chamber to
move vertically upwards to apply load and rotation by
the drive spindle.  When test specimen fails
eventually, the test chamber moves back to its initial
position. Any external support to hold the transducer
in the test chamber would cause damage to the
transducer and break the sealing during this test cycle.
An aluminium block with a conical cut at the middle
was clamped with the tribometer test chamber beam.
This conical cut ensured a safe design to fix the
transducer, and moreover this whole setup can be
moved horizontally giving more freedom for
increasing or decreasing the distance between the
horn tip and the rolling elements. Test chamber was
cleaned with acetone before each test to ensure no
debris presence to avoid any abrasion. For
preliminary tests, a low viscosity paraffinic
hydrocarbon lubricant was used mainly to increase
the erosion rate. These tests were carried out at
different speeds and loads as shown in the table 1.
Tests were run for a specified duration of time to
understand the erosive wear progression at different

stages of material wear under this condition. All the
test samples were smooth silicon nitride balls of
12.67 mm diameter. A forced air cooling system was
employed to cool the transducer horn. After each test,
samples were cleaned in acetone for 20 minutes in an
ultrasonic bath and then dried using a dryer before set
for surface analysis. A light and a scanning electron
microscope were utilized for this purpose.

4. Preliminary results and discussion

For testing, the piezoelectric transducer was inserted
in the test chamber of the high speed tribometer as
mentioned in the testing method. The test specimen,
silicon nitride smooth ball was held by means of a
collet in the drive spindle. The average surface
roughness of the test specimens was 0.01 um. For
hybrid contacts, lower balls of carbon chromium steel
was used, which are of same diameter of the test
specimen. Hardness of silicon nitride and lower balls
was 1650 and 840 Hv. The transducer was excited at
the maximum power, and amplitude of 60 uym peak-
to- peak.

Table 1 Preliminary experiments test programme

Test Contact stress Shaft speed Lubricant Vibration Stress cycles Test time
(GPa) (Rpm) 2.4 mm?’/s at 40°C  Amplitude (um) (Hrs)

A 3 2000 Macron 110 60 2.53x 10° 2

B 3 3000 Macron 110 60 7.63 x 10° 4

C 5.1 2000 Macron 110 60 5.07 x 10° 4

D 5.1 5000 Macron 110 60 1.17 x 10° 4

E 51 5000 Macron 110 60 1.76 x 10° 6

3.1 Surface Analysis

Results obtained from these tests are promising.
Erosion was formed on the contact track in a short
duration of time of 30 minutes at a speed of 5000
rpm. Rolling contact fatigue testing for few hours
under similar loads and speeds with same lubricant
was also examined.

No sign of material damage was noticed.

A light microscope image of the contact track
with erosion pits is shown in fig 5.

Fig.5. Light Microscope image of the ball
showing erosion pits on track.
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This is test A, with a maximum contact pressure
of 3 GPa and with the spindle speed of 2000 rpm.
Apart from the tiny pits, few number of large erosion
pits were noted on this test specimen. The surface
away from the contact track remained smooth as
before the test. This is very much evident that both
cavitation erosion and rolling contact fatigue played a
role in material wear process under this testing
condition.

The initial stage of material wear showed increase
in surface roughness on the contact track, which
became the primary factor for erosion acceleration.
As the roughness of the test balls increased during the
course of testing, it formed a more favourable
condition for bubble nucleation. This helped in rapid
cavity growth and collapse; this violent collapse
increased the erosion rate. This initial stage was then
followed by formation of tiny erosion pits. These pits
were formed by removal of material which was
encapsulated by a weakened boundary due to erosion
as shown in fig 6. This was observed in the test B.
Because of rolling with contact stresses these pits
appeared with a unique geometry in a crescent shape
asin fig 7. This is of test C with a maximum contact
pressure of 5.1GPa and a spindle speed of 2000 rpm.

Fig.6. Erosion pit initiation from roughened
surface

Fi.7. Crescent shaped erosion pits

These crescent shaped pits enlarged further by
opening up their mouth during the course of wear
process, which is shown in fig 8. This part of the wear
needs further investigation.

Fig.8. Close up of crescent pit showing mouth
opening

When both load and speed were increased as in
test D, a maximum contact pressure of 5.1 GPa and
5000 rpm. Erosion pits showed clear directionality in
their growth and were joined together with the
adjacent pits in a process called pit bridging as shown
in fig 9.

Fig.9. Directionality of erosion pit growth

The closer look of an erosion pit is shown in fig
10 which was from the same test D. Almost all
erosion pits appeared in the similar shape and size.
Erosion pits didnit grow deeper, because of lubricant
squeezing into the pits and acting as a cushion for any
further cavity collapse. This will also retard the rate
of erosion, but will result in a minimum loss of
material as the process continues. The final stages of
this wear process ended up with the signs of more
erosion on the contact track. As more pits formation
leads to a dense area of pits on the track, the test
specimen will eventually fail due to spalling. Test E
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with more test time of 6 hrs at a maximum contact
pressure of 5.1 GPa and a spindle speed of 5000 rpm
resulted in enormous density of erosion pits and is
shown in fig. 11.

Fig.10. Large erosion pit surrounded by tiny pits
bridging

Fig.11. Final stage of wear — showing high
concentration of erosion pits on track

Most of the tests conducted were Ceramic balls
with steel contacts, that is upper ball was silicon
nitride and the lower three balls were steel. Ceramic
to ceramic contact was also investigated for initial
study. The rate of material removal was found to be
faster in ceramic to ceramic contact than steel contact.
This is mainly because of bearing steel provides high
resistant to erosion compared to ceramics.

4. Conclusions

The primary aim of this work is to accelerate
erosion in rolling contact experiments, which was
achieved using this test methodology. Modifications
made to a rotary tribometer were successful in
controlling the level of turbulence or pressure drop in
the lubricating medium. The preliminary results

obtained from this testing were presented. Erosion
was created on the contact track and was monitored at
different stages to understand the wear mechanism.
Increase in contact stresses resulted in crescent
shaped pits, which were not noted at low loads.
Furthermore, at high loads, pit growth was dominated
by widening than deepening. Due to increase in the
number of stress cycles corresponding to higher
spindle speeds, pits concentration were higher than at
low speeds of 2000 rpm. Laboratory testing of
material wear which involves both erosion and rolling
contact fatigue can be studied using this test method.
The liquid/gas phase changes and its influence on the
wear mechanism are important and often considered
to be difficult for experimental study. This work
addressed this problem by presenting a novel testing
methodology.
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NITRIDING IN NITROGEN ATMOSPHERE AND YAG:Nd PULSE
LASER ACTIVATION

Nelu CAZACUY, catalin PINTILIE?,
Sorin DOBROVICI', Adolf BACLEA3

!Dept.of Metallurgy and Materials Science, Dundrea de Jos University of Galati, Romania,
%S.C. Trefo S.A. Galati, Romania,
*Socomar SRL, Sorento, Italy
e-mail: Nelu.Cazacu@ugal.ro, Sorin.Dobrovici@ugal.ro

ABSTRACT

YAG:Nd pulse laser is usually used for cutting and welding. The paper is based
by experiments using YAG:Nd pulse laser (KVANT 17-CIS made). Technological
modules were assembled for laser beam deviation and for relative sample moving to
manual controlled focused laser beam. In experiments was used a personal
computer with adequate program for x-y sample moving (stepper system) and
correlation with laser pulse. Seel sample (nitralloy steel) was fixed in nitriding
chamber in a nitrogen flow. Defocused, laser beam energy and nitrogen pressure
were modified. Hardness (HV5), macrostructure and microstructure were used for

surface propertiesinvestigations.

KEYWORDS: pulselaser, YAG:Nd, nitriding, steel

1. Introduction

Thermo chemical treatment is based an surface
chemical compositions changes under specific
thermodynamic conditions only for surface layer. A
duplex treatment CVD and diffusion are usually used
for increasing surface concentration with one or more
alloying elements. Processes activation (CVD and
diffusion) are energetically made. Heating in a
chemical active media is a common procedure. Laser
radiation interaction with surface is a complex
process in that thermal effect is important. Usual laser
applications are based on intense thermal effect
characterised by higher heating speed and lower
heated surface. Laser cutting and welding describe
these local and intense energetic interactions. This
interaction may be converted in large surface
interactions  through  additive procedure that
represents a successive and relative moving of laser
beam over material surface.

2. Experimental conditions

Nitriding experiments were based on KVANT 17
YAG:Nd pulse laser (CIS designed for cutting in

oxygen plasma and point to point welding). Some
important characteristics are: two units with solid
dopped glass YAG:Nd (6.3 mm diameter, 100 mm
long), homogeneus and heterogeneous metallic
cutting up to 0.8 mm thickness, total power 12kW,
double cooling system, 0...1000V voltage for optical
pumping system, variable pulse frequency system,
max. 0.5% pulse to pulse energy difference,
interactions trace 0. 2...1.2 mm, circular deviations on
trace max. 20%, inert gas (Ar, He) adding system,
efficiency 2...5%. Laser energy was controlled by dc
suply voltage in range 0..1000 V. An additional
technological module (Fig. 1) was manufactured for
X-y sample moving in range 20x20 mm and total
interaction surface 400 mm® For KVANT 17
YAG:Nd pulse laser different pulse regime is
valuable: variable frequency (fixed preset values),
giant pulse and external command pulse. The
technological unit was designed and manufactured by
Dept. of Metallurgy and Materials Science, Dunarea
de Jos University of Galati, for surface engeneering
aplications, other like cutting and welding (Fig. 2).
The technological unit was designed for: laser beam
deviation (45°), manual focused and step by step
sample moving in Ox or Oy axes. The result of
samples moves is a large surface of interactions. For
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nitriding a lower weight chamber was designed for Laser beam is focused to sample surface through
local interactions media (air, nitrogen and other gases  glass window.

and gas mixture.
= ——l

T

[
Fig. 1. Technological unit: 1 - laser; 2 — screw defocused; 3 — x/y plate;
4 - water; 5— concrete block; 6 — screw x-y gross control ; 7 - support; 8 — nitriding space;
9 - objective; 10 —laser beam deviation mirror.

ST
I ol

- L - T T o= I -

-
18 17 16 15 14 13 12 1 10

Fig. 2. PC controlled sample x-y moving a laser pulse: 1-SPIK force module, 2-Pulse control module,
3-laser units, 4-laser beam, 5-objective, 6-45°deflection mirror, 7-frequency pulse control line, 8-
display-9-PC, 10-parralel port communication, 11-optoisolator, 12-stepper line impulse,
13-x-y table, 14-steppers module, 15-concrete block, 16-laser module, 17-optical pumping
connection, 18-high voltage optical pumping supply

6

Fig. 3. Nitriding in nitrogen chamber and pulse laser activation: 1 —screw defocused control;
2 —laser module; 3 —nitrogen inlet and outlet; 4 — nitriding chamber; 5 —x-y table;
6 — x-y stepper module; 7 - support; 8 — IR objective
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Table 1. Nitralloy steel (38MoCrNi Al09) chemical composition (massYo)

C Mn Si

Cr

Ni Mo Al

0,35--0,42| 0,30--0,6 | 0,17--0,37

1,35--1,65 -

0,15--0,3 | Al=0,7001,

Another window is present for visual control of
interactions. A computer program was designed for
scanning sample surface through correlated pulses for
x-y table and laser pulse command.

For experiments were used samples from
38MoCrAlQ9 (nitralloy steel class). This steel having

and excelent behavior over gas nitriding treatment for
part machine steel (85001050, HV after nitriding at
5000600°C). Surface properties like hardness,
fatigue and corrosion increasing and that induces
good properties and performances (hardness, fatigue
and corrosion).

tensiune de
acumulare
\

presiune
N2
bar

experiment

um

700

750

750 0,5

800 0,5

a|lb|lw|N]|

850

. tensiune de | presiune
experiment
acumulare N2
um \i bar
6 700

Fig. 5 Interaction surfaces for Disk 1- side 2 (experiment no.6)

experiment tzcnj:ﬂgj: defocalizare pre:li;ne
um \ mm bar
1 700 0 0,5
2 700 5 0,5
3 700 10 05
4 800 0 05
5 800 5 05
6 800 10 05

Fig. 6 Interaction surfaces for Disk 2- side 2 (experiment no.1 to no.6)
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. tensiune de . presiune
experiment defocalizare

acumulare N2

um \ mm bar

7 700 0 aer

8 700 5 aer

9 700 10 aer

10 800 0 aer

11 800 5 aer

12 800 10 aer

Fig. 8. Macrograph sampl es surface for Fig. 11. Macrograph samples surface for
expe_r‘i_ ment 3-disk 1, magnitude 100x experiment 6- disk 1 nitude 100x

Fig. 9. Macrograph samples surface for Fig. 12. Micrograph samples surface for
experiment 4-disk 1, magnitude 100x experiment 1, disk 1, and magnitude 300x.

(TN R
Fig. 10. Macrograph samples surface for Fig. 13. Micrograph samples surface for
experiment 5-disk 1, magnitude 100x experiment 10, disk 2 and magnitude 100x.
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Table 2. Experimental conditions and surface hardness after experiments

T I
Expeiot Chergieg Defecused| prossuee H::.de?t.ﬂ Cibservation
Sample vilags i HV)
i v i Pa AT men®
1 700 i 1013t0 | 381
2 70 0 1,013=10 531
] {mrface 1 ] TED i 1 513x100 03 no Erterachon
disk: 1 22 ——
4 00 0 513xle 418
5 850 0 1013407 | 440
| semface 2 ] T0n q 1.013x1{r 303
1 70 il RN w41
2 00 3 1.513x10° 532
= ] T [LE] 1 813x10" sl o Eerastion
[ 300 0 |1si5u0| 289
5 "0 5 1 &13x1 :‘:.; 447
egon | & 500 ¥ L5130’ | 303 o mileraciion
[ 7 700 0 1.013x14 219
TEECE T D _
| sufiae 2 4 i 10 | 10130 303 |no steraction
80D a 1.013x10° 623
11 00 5 1013t E ¥
iz 200 1] 1.013x10° 03 o Ereraction

Chemical composition for steel samples is shown
in Table 1. Samples surface after nitriding treatments
in nitrogen and laser pulse activation is shown in
Fig.4...Fig.7.

2. Results

After laser/samples surface interactions,
superficial morphologies have different changes
depending on values of control factors. For each

experiment, interaction conditions and results are
shown in Table 2. Superficial properties changes after
nitriding experiments were go through Vickers
hardness (HVs, load 5kgf) and results are shown in
Fig 14 and Fig 15. Micrographs of 38MoCrAlO steel
after nitriding in nitrogen atmosphere activated by
YAG:Nd are shown in Fig.12 and Fig.13. A specific
superposition structure is present as a result of intense
laser beam surface interactions, bigger than 10%
(recommended value).

GU0

l el ¥ TS50
a 00
= + S50
2 oo - m s00
: I
300 R s
m
2 o0 ‘\\
E L BN
e ad o dsins
100 4 VK Ank iEm
L HO | BTERST|
0 ! |
65D “DH 50 00 850 200

capacitor voltage, V

Fig 14. Surface hardness HV;s after nitriding experiments no.1 to no.6 (diskl)
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Fig.15. Surface hardness HVs for experiments no.1 to no.12 (disk 2).

A white nanostructured layer was formed by fine
dispersed martensite (Fig 12 and Fig 12). Heating and
cooling processes with high speed in layer determined
higher nucleation speed and lower increasing speed.

Conclusions
Laser beam interactions with 38MoCrAI09
depend on pulse radiation energy (indirect

measurement from optical pumping high voltage),
defocused, chemical composition of chamber
atmosphere, atmosphere pressure and optical surface
properties of sample steel.

For identical values of influence factors, less
chemical composition of chamber atmosphere, an
increasing surface hardness were obtained because
nitrogen atmosphere was activated locally in
interactions volume and nitriding treatment was
present (experiments 2, 5, 8 and 11, disk 2). For a
higher defocused the specific local density of energy
was lower and interactions are lower (surface
hardness is comparable with initial values (303
daN/mm?). PC control of scanning and laser pulse
determined a higher surface uniformity after local
nitriding treatment. Interactions magnitude was

influenced by laser energy and defocused laser beam.
For 5 mm defocused and e laser energy in
correspondence with 700V O800 V condensator
voltages a maximum were obtained. The hardness
difference was determined by nitrogen pressure that
implied a complex carbone-nitrogen- alloying
elements formations.

The nitriding process in nitrogen atmosphere may
be applied for small surface treatments designed for
over demand values in exploitation of machine parts.
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ABSTRACT

In developing of new processes for growing metal (composite) films, the main
attention is given to controlling the metal vapour flows: through energy state of the
condensing particles, their molecular composition, intensity, spatial distribution of
the flow, etc. It is known that the widely accepted open-type evaporators, including
quasi-closed ones, are characterized by instability of the directivity diagram of the
vapour flow in time, even at constant temperature. Radiation load on the film
growth surface from these sources is sometimes comparable to the energy of vapour
flow condensation. Therefore, when they are used, it is quite difficult to produce
reproducible film structures with controllable parameters. Particular difficulties
arise at high evaporation rates, when micro-drops are usually present in the vapour

flow.

KEYWORDS: metal (composite) films, electron beam technology, layer coating

1. Introduction

Electron beam impact on the metals leading to
their heating, melting and evaporation, as a new
technological path in the field of material processing
has been intensively developed starting from the
middle of XX century [1, 2].

Development of electron beam technology runs
along three main paths:

- melting and evaporation in vacuum to produce
materials, films, coatings; powerful (up to 1 MW and
higher) electron beam units at the accelerating voltage
of 20-30 kV are used; power concentration is
relatively low (not more than 10° W/cm?);

- welding of metals;, equipment of three classes
has been developed: low-, medium- and high-voltage
covering the accelerating voltage range from 20 to
150 kV; unit power isfrom 1 to 120 kW and higher at
maximum power concentration of 10°-10° W/cm?;

- precision treatment of materials (drilling,
milling, cutting); high-voltage (80-150 kV) low
power (up to 1 kW) units are used, providing the
specific power of 5-10° W/cm?.

Improvement of equipment [3, 4], heat sources
[5], metal vapour sources [6] and development of
equipment for observation, monitoring and control of

the process of electron beam impact are performed
simultaneously.

SPC «Gekont» is intensively developing the first
of the above areas. Specia attention is given to
development and manufacturing of laboratory and
production  electron beam  equipment for
implementation of a number of new technological
processes:

- deposition of thermal barrier coatings on gas
turbine blades;

- producing composite materials of dispersion-
strengthened, micro-laminate and micro-porous type
from the vapour phase;

- producing pure refractory metals, specia aloys,
ferroalloys, polycrystalline silicon for the needs of
aerospace and power engineering, and aircraft
construction;

- producing complex-alloyed powders of metallic
and ceramic types for plasma deposition of coatings.

Protective coatings on gas turbine blades and
equipment for their deposition. At SPC «Gekont»
protective coatings on gas turbine blades are
produced by electron beam evaporation of MeCrAlY
(where Me is Ni,Co,Fe), MeCrAlYHfSiZr aloys and
ZrO, based ceramics stabilized by Y ,0s.
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Alongside the traditional single-layer metallic The second variant is similar to the first one with
materials of MeCrAlY, MeCrAl-YHf SiZr type and  the only difference that the outer ceramic layer is
two-layer metal/ceramic materials, three variants of  madein the form of azigzag (Figure 1, c).
three-layer thermal barrier coatings have been The most interesting is the third variant of the
developed, the schematics of which are given in  coating, where dispersed particles of refractory
Figure 1. The simplest coating is athree-layer coating  borides are added to the outer ceramic layer (ZrO,-
with an inner metallic (damping) MeCrAlY, MeCrAl- Y ,0;), which is also made in the form of a zigzag. In
YHfSiZr (where Me is Ni, Co, Fe or alloys on their ~ operation of products with such a coating, when the
base), intermediate composite MeCrAlY, MeCrAl-  outer ceramic layer develops cracks, the boride
YHfSiZr-MeO (where MeO is Al,Os, ZrO,-Y,03),  particles, while oxidizing, form the respective oxides,
dispersion-strengthened or micro-laminate type and  which heal the developing mi-croc-racks. Thus, such
outer ZrO,-Y ;03 ceramic layers (Figure 1, a) [7]. a coating has the effect of «self-healing» or «self-

restoration.

. Outer ceramic layer of zigzag typef
© with «self-regul ation» elements

Outer ceramic layer with a.
columnar structure

_—
Intermediate  high-temperature i Intermediate high-temperature | Intermediate high-temperature
layer of dispersion-strengthened ! layer of dispersion-strengthened or | layer of dispersion-strengthened or

Outer ceramic layer of zigzag type

or micro-laminate type i micro-laminate type i micro-laminate type
Inner metallic | Inner metallic | Inner metallic
damping layer i damping layer i damping layer
Base i Base i Base

a b c

Fig. 1. Schematics of thermal-barrier coatings (see the text)

2. Technology and equipment in the science-engineering complex «Zorya
presentation Mashproekt», Nikolaev, Ukraine. When the unit

design was developed, a traditional three-chamber
schematics of equipment layout was used [7, 9]. The
unit working chamber is used for coating deposition
proper, and the two auxiliary chambers — for
loading-unloading of cassettes with blades. The unit
is fitted with eight electron guns of 60 kW power
each, of «Gekont» design [7].

Two types of production electron beam equipment
were developed for implementation of the
technological processes of therma barrier coating
deposition on turbine blades [3, 4, 7-10].

Figure 2 shows the general view of a production
electron beam unit L-I, which is successfully operated

| - —

Fig. 2. Electron beam unit L-I.
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Four guns are designed for evaporation of initial
materials of 70 mm diameter arranged in a row, the
other four guns — for heating the coated items from
below or from the top. Maximum overall dimensions
of the coated items are as follows. up to 700 mm
length, up to 350 mm diameter.

A feature by which the unit differs from those
developed earlier [1] is the possibility of conducting
not only the technological process of deposition of all
the types of thermal barrier coatings, but also
obtaining composition materials of the dispersion-
strengthened, micro-laminate and micro-porous types
in the form of sheet blanks of up to 800 mm diameter
and up to 5 mm thickness. The above equipment can
be also used for deposition of super-hard wear-
resistant coatings on the dies, moulds, specia optical
coatings (for instance, mirrors from silicon carbide),
etc.

At present SPC «Gekont» developed design
documentation on fundamentally new electron beam
equipment for deposition of protective coatings[3, 4].

Fig. 3. Unit for protective coating deposition
(for designations see the text)

The machine (Figure 3) is a vacuum unit
consisting of four vacuum chambers (Figure 3, a)
connected to each other: main process chamber
proper 1, transition chamber 2 and two load chambers
(fore chambers) 3. Mounted inside process chamber 1

(Figure 3, b) are water-cooled crucibles 4, which
accommodate ingots 5) 6 of evaporation materials.
Beams of electron guns 2 evaporate the ingot
material, which is condensed on items 3 in the form
of vapour. The quantity of the used crucibles can
vary, depending on the required composition and
design (two-, three-layer, microplajni-nate) coating.
The unit design is fundamentally new [3, 4]. This unit
enables deposition of all types of protective coatings,
including new types of silicide coatings of micro-
laminate type.

It should be noted that the Company implemented
aclosed cycle of coating deposition on turbine blades,
including melting of all types of ingots on nickel,
cobalt and iron bases in keeping with TU U 27.4-
20113410-002-2003, and wusing ceramic ingots
according to TU U 13.2-20113410-004-2003.
Production of Ni(Co)CrAlYSi powders of 40-100 um
fraction for plasma deposition of coatings has aso
been mastered.

2.1. Composite materialsfor electric
contacts and equipment for their

production

Despite the wide application of the processes of
evaporation and condensation for deposition of
protective coatings, the unique capabilities of the
zona method for producing fundamentally new
materials of dispersion-strengthened, micro-laminate
and micro-porous types, functionally-graded
materials, etc., did not find application. Development
of scientific principles of producing micro-laminate
materials with less than 0.5 um thickness of
aternating layers at deposition temperatures higher
than 0.3 of the melting temperature of the most low-
melting of the evaporation materials, is a substantial
scientific achievement [11].

Fig. 4. Fine structure of (Cu-Zr-Y)/Mo
micro-laminate materials

It is known that until recently such materials were
produced by the method of electron beam evaporation
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and subsequent condensation of metals and non-
metals in vacuum at substrate temperature not higher
than 300 °C [12]. These data were the basis for
development for the first time in the world practice of
a production electron beam technology of producing
thick (up to 5 mm) micro-laminate materials (Cu-Zr-
Y)/Mo (Figure 4) for electric contacts [13].
Condensed materials Cu-(0.08-0.2) % Zr-(0.08-
0.2) % Y-(8-12) % Mo are produced in a production
electron beam unit L-5 (Figure 5).

Technological schematic of producing this
material is shown in Figure 6.

Condensed materials (Cu-Zr-Y)/Mo are sheets of
1000 mm diameter and up to 5 mm thickness, which
are cut up into blanks and soldered onto the contact-
holder. Tensile strength and proof stress, depending
on the technological condition of production can vary
between 645 and 1200 MPa and from 596 to 1000
MPa, respectively, relative elongation — from 2.0 to
8.7 % [14].

New composites, which were named dispersion-
strengthened materials for electric contacts (DSMC),
are certified and are produced in keeping with the
technical conditions[15].

The main advantages of DSMC materials are as
follows:

- absence of slver in their composition, so that
they are 1.8-3 times less expensive compared to
powder electric contact materials and in terms of
operating reliability are 1.5-3 times superior to the
existing electrical engineering materials;

- they do not maintain arcing;

- completely replace beryllium bronze;

- can stand switching current of up to 1000 A.

The most effective areas of DSMC application are
asfollows:

- city and long-distance electric transport (contacts
used in trams, trolleybuses, trains, metro);

- lift services (passenger and freight lifts);

- port, ship cranes and other hoisting mechanisms;

- electric trolleys of al types;

- mining equipment;

- production and household electrical engineering
devices, containing relays, starters, contactors, knife
switches, etc.;

- tips for plasma cutting of metals and aloys;

- electrodes of resistance welding machines.

Fig. 6. Technological schematic of producing
micro-laminate materials (Cu-Zr-Y)/Mo

So far according to [16], more than 1.5 mm
electric contacts of 370 names have been produced
(Figure 7) which are successfully operating in CIS
countries, Czech and Romania.

Fig. 7. Appearance of a range of electric
contacts

Simultaneously with introduction of materials for
interrupting electric contacts into industry, the
company in co-operation with Institute for Materials
Science Problems, of NASU, «Generator» Plant
(Kiev), Wroclaw Polytechnic Institute (Poland) is
working to develop composite materials based on
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copper, chromium, tungsten, carbon, applied in
production of dide contacts, contacts for vacuum
blowout chambers (Figure 8).

Fig. 8. Appearance of contacts for vacuum
blowout chambers

2.2. Production technologies of electron beam
re-melting of metals and alloys and equipment
for their implementation

The Company has mastered the industria
technology of electron beam remelting of wastes of
high-speed steels and producing finished ingots for
subsequent manufacturing of tools from them [17,
18]. The used equipment allows remelting in vacuum
the wastes of high-speed steel (used tools, tool
production wastes) and producing cylindrical ingots
of 60 to 130 mm diameter and ingots of 140-160 mm
cross-section and up to 2000 mm length.

Technological and cost advantages are as follows:

- process of ingot remelting and forming occursin
one technologica cycle without subsequent the
mechanical treatment (forging, squeezing);

- possibility of remelting lump charge;

- rapid replacement of fixtures for producing
ingots of the required dimensions,

- high quality of the produced ingots after vacuum
remelting;

- producing small batches of finished ingots;

- cost of finished ingots is approximately 2-3
times lower than that of ingots produced by the
traditional technology.

A number of specialized production electron beam
units have been developed recently for melting super
aloys, refractory metals, titanium and producing
finished ingots of the diameter from 60 to 300 mm
and up to 2500 mm length.

The appearance of a unit of such a type is shown
in Figure 9. New high-voltage power sources of SPC
«Gekont» design and electron beam gas-discharge
guns with a cold cathode developed under the
guidance of V.l. Melnik were used in these units for
thefirst time[19].

Fig. 9. Specialized electron beam unit for -
melting metals and alloys

Specia attention is given today to development of
new technologies and equipment for melting silicon
and ferroalloys. The Company supplied to Japan three
electron beam units of 10, 20, 500 kW power for
electron beam remelting of silicon (Figure 10).

Fig. 10. 500 kW electron beam unit for
silicon remelting

The above examples of practical application of the
processes of melting and evaporation of metals and
non-metals in vacuum are a convincing proof of an
ever wider application of special electrometallurgy
for development of new materials and coatings.
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ABSTRACT

For the purpose of studying the possibilities of increasing the wear resistance,
specimens of three steels with 0.2%C, 0.46%C and 1%C were surface alloyed with
reinforcement from overlapping pastes with green SiC hard particles with the
granulation 800 and 320. The melting of surface layer was performed by CO,
continous wave laser on a numerical x-y table. On these specimens the micro
structural characteristics, geometry of molten zone, micro hardness variation in
the alloyed layer depth and the HV5 hardness on a laser processed surface were
determined, which allowed defining the added material with the best hardening
effect. The conditions to obtain compact surface layers with 2-3 time higher
hardness than the base material were determined.

KEYWORDS: laser alloying, SiC, microstructure, micro hardness.

1. Introduction

Improved durability of tools and machine parts
subject to intense wear led to the promotion of
unconventional technologies of surface treatments to
the active zones under the action of concentrated
energy beams, such as laser and electron beams. The
laser processing provides an ultrafast thermal cycle
into the ambient atmosphere, on small and difficult
to access areas, of complex geometry, with accuracy
and high productivity. The results of the interaction
between the laser beam and the processed material
are off balance structural states, impossible to make
by traditional treatment methods. They results in a
strong hardness, increased resistance to plastic
deformation, resistance to fatigue and corrosion, less
wear, improved lubrication, etc.

The interaction of the laser radiation with the
material surface can take place in the presence or
absence of an additional material injected or pre
deposited. Depending on the desired thermal effect,
the structural modification procedures can be
divided into [1, 2]:

-procedures without additional material, which
do not modify the chemical composition of the base
material, such as: hardening from the solid or liquid
state, granulation finishing, glazing or vitrification,
shock hardening.

-procedures with additional materials which do
modify the chemical composition of the base

material, such as: deposition, alloying, hard particles
reinforcement.

There are various additional materials used for
surface hardening and increasing the wear resistance,
such as [3]:

-Hard materials of metal atom bonds: carbides
(WC, W,C, CrsC,, CrysCs, TiC, MoC, TaC) [4], [5],
[6], [7], carbides mixtures (WC-TIC; TaC-Nb),
nitrides (TiN, ZrN, TaN) [8], borides (TiB,, ZrB,,
LaBs) [8];

-Hard materials of non metallic atom bonds:
oxides (A|203'Cr203; A|203'Mgo, A|203-Ti02; T|02,
Zr0,-Ca0) [9], carbides (SiC, B4C) [9, 10] nitrides
(SizNg4, AIN), borides (AIB;,, SiBg);

-Hard alloys: Fe-Cr-W-Mo-V-C-Si; Co-Cr-W-
Mo-C-Si; Ni-Cr-B-Si [10, 11, 12].

The paper shows the researches on surface
alloying and SiC hard particles reinforcement from
overlapping pastes of the low alloyed steels having
various carbon contents. Special attention was paid to
the effect of the carbon content, the additional
material granulation, as well as the laser processing
parameters on the structure and hardness of the SiC
alloyed and/or reinforced layers.

2. Experimental materials and
working method

To investigate the sensitivity of the alloying
process to the carbon contained in the steel base, three
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low alloyed steels were selected for the experiment
purpose. Chemical composition is given in Table 1.

The samples were cut as 40x15x15mm.

Table 1.Chemical composition of the experimental samples
Base . .
material Grade of steel Condition Chemical composition [%]
code C Mn Si Cr Vv S P
16MnCr5
1 SR EN 10084:2000 annealed 0.20 1.15 0.37 1.12 - 0.032 0.028
51Crv4

2 SR EN 10083-1:1994 annealed 0.46 0.85 0.32 1.08 0.17 0.027 0.031
3 16MnCrS carburized | 098 | 115 | 037 | 112 | - | 0032 | 0.028

SR EN 10084:2000 ' ' ’ ' ) '

Table 2. Additional materials
Additional Additional | Chemical composition [13] Granulation
material code material [%0] mesh/"linear
AM1 . 08 ROLCI (1 ROpC 800
AM2 Green SiC 97-98.8%SiC, 0.6%Si 320
Table 3.Physical properties of the silicon carbide [13]

Stat Crystalline Density ™ | 1T o N HV

ate structure [kg/m®] [°C] [kd/kgK] [W/mK] | [GPa]

SiCa diamond 3170 - 2830 1,80 45-450 26-37

SiCB hexagonal 3210 2150 2780 1,76 45-450 21-29

Note: 1- melting temperature, 2-boiling temperature, 3-linear dilatation coefficient, 4-thermal conductivity.

The additional material consisted of green SiC
particles; their chemical composition and granulation
are presented in Table 2. The silicon carbide is
polymorphous. Less than 2100°C the SiCa
modification is stable as it has a diamond type
structure. Above 2100°C in the SiCP changes, as this
has up to eight structural types in hexagonal and
tetragonal systems. In green SiC technical powders
there is a mixture of SiCa and SiCp with hexagonal
system [12]. A number of physical properties of these
modifications are given in Table 3. Before the laser
processing, the sample surface was degreased and
covered by a paste resulting by mixing a part of
hydroxiethylcellulose with tree parts of SiC powder.
After drying, the thickness of the additional material
was calibrated by grinding to 0.15 mm. The laser
processing was made by marking single strips in an
inert argon atmosphere on a LASER GT 1200W
(Romania) system, by numerically controlling on a
computer the working table according to direction x-
y. The surface covered with the additional material
has been processed by CO, continuous wave laser
with different energy factors K = P / d - v [J/mm?],
obtained by keeping constant the emission power P =
950 W and the variation of the laser beam diameter d
= 2.18 and 2.84 mm and of the scanning speed, v =
1025 mm/s. The samples were subject to
metallographic investigations on the surface and the
laser strip cross section. The sensitivity to
vaporization and fissuring, the geometry of the laser

strip, structural modification to SiC alloying under
various regimes of heat transfer, determination of the
micro hardness HVO0,1 (load 100gf) variation in the
alloyed layer depth and the hardness HV5 (load 5kgf)
on a laser processed surface.

3. Experimental results and discussions

The analysis of the cross section microstructure of
the laser processed strip reveals an alloyed layer on a
steel base quenched to martensite from solid phase
(fig.1a). The alloyed layer was obtained from very
fast melting of a thin base material layer, including
the predeposited SiC particles by thermal capillary
convection, followed by fast solidification and
martensitic hardening. The structure of the alloyed
layer is a dendritic columnar and contains martensite,
residual austenite and SiC particles in an
interdendritic arrangement, in amount that depend on
the amount of carbon to be found in the steel, the
granulation of the SiC particles, and the laser
processing operation.

In the case of alloying steel of SiC powders of 320
granulation, the new structure consists of SiC particles
among the branches of the martensite dendrite and
residual austenite increasing with the extent of the
austenite alloying. Partial dissolving of the SiC takes
place even when processed under very high energies
(fig.1b). In the case of steel alloying with SiC powder
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of 800 granulation, is found that the SiC particles
have been completely dissolved (fig.1c).

Inu--;vr-_ 4 m.’“.'?:r.'?"r-'-l"\-r ¥

. b). .
Fig. 1. Microstructure of alloyed layers: a). steel code 2, AM2, K=407.3 J/mm?, x100; b). steel code
2, AM2, K=407.3 J/mm?, x500; c). steel code 3, AM1, K=227.6 J/mm?, x500; Nital2%.

The structure is made up of austenite dendrite
which, when cooled, get into high alloyed martensite
and an increased amount of residual austenite

R e

Table 4. Strip geometry and macro hardness HV;s (d; = 2.84mm; *d, = 2.18mm)

Added [ /mez] / Strip geometry HVs Observat
material [mm/s] Ah ha hq la Iq [MPa] ion
1-16MnCr5

133.8 -0.05 0.11 0.97 1.60 3.06 9800 N

167.2 -0.05 0.14 1.19 2.20 4 8420 N

AM2 230.7 0.03 0.30 1.39 2.40 3.60 9470 R

283.4 0.00 0.14 1.44 2.60 3.73 6870 N

369.3* 0.05 0.42 1.42 2.60 413 7270 N

2-50Crv4

217.9* 0.00 0.14 0.50 1.11 1.61 10000 N

AM1 290.5* 0.01 0.10 0.44 1.08 1.55 8470 N
407.3* 0.01 0.11 0.54 1.28 1.80 8380 N,V

217.9* 0.01 0.13 0.55 1.22 1.86 9800 N

AM2 290.5* 0.05 0.19 0.55 1.22 1.83 9580 R
407.3* 0.01 0.13 0.61 1.47 1.97 9410 N, V

3 - 16MnCr5 carburized

172.4 -0.01 0.17 0.94 1.97 2.83 6120 N

AM1 2276 0.03 0.18 1.00 1.94 2.92 8520 N

334.4 0.04 0.18 0.94 1.54 2.78 6590 N

217.9* 0.03 0.06 0.58 1.39 1.94 7770 N

296.5* -0.05 0.14 0.61 1.31 1.97 8000 N

435.8* -0.05 0.14 0.67 1.50 2.11 7590 N

172.4 0.03 0.17 0.80 1.86 2.55 9490 P

227.6 0.05 0.19 0.89 1.83 2.61 9170 -

AM?2 334.4 0.00 0.15 0.78 1.83 2.55 9170 P

217.9* 0.03 0.19 0.61 1.31 1.92 9930 R

296.5* 0.03 0.17 0.58 1.36 1.97 9720 R
435.8* 0.03 0.17 0.64 1.44 2.03 9420 N, F

Note: R fi recommended; N fi None recommended; P fi pores; V fivaporizations; F- fissures.

The extent of the carbide dissolving is affected by
the content of carbon in the steel and the operation
conditions. An increased amount of carbon limits the
carbides dissolving and favors the composite
structures. The increased scanning speed reduces the
distance between the dendrites axes and increases the

amount of SiC not dissolved. At steel of code 1
processed by maximum energy density, the advanced
silicon alloying makes the lamellar graphite to appear
in the structure as well. At the fusion limit it can be
seen a lighter color area of high inter-diffusion in the
alloyed layer which is free of SiC particles and has a
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martensitic structure. Under the fusion limit the layer
hardened from solid phase has an increased
granulation and a higher amount of residual austenite,
with softening effect. Table 4 shows a number of
results on the dimensions of the laser processed strip
(Ah - the deviation from the processed surface; ha, hq
- the depth; la, Iq - the width of the alloyed layers and
quenched to martensite layers) and the hardness HV5
measured on the laser processed surface. The
irregularities of the laser processed surface are
highlighted by the sign and size of the deviation Ah
from the level of the initial surface. It can be seen that
an over height generally appears due to the inclusion

of the addition material and the higher volume at the
martensitic transformation. There is a negative
deviation especially at the alloying of steel code 1
which exhibits a higher melting interval and a lower
viscosity of the melting bath. Also the low energy
density regime, which provides a lower surface
temperature as well as the additional material of rough
granulation which remains in suspension in the melt
bath, reduces its fluidity and causes specific
irregularities.

Fig. 2 shows the dependence of the alloying and
quenching and from the solid phase depth according
to the energy density.

0.45
0.4 -
E 0.35 1
£
5 0.3
8
S 0.25
g
o 0.2
S YANEL Gl SNV
5 015 : X%
R N
o 0.1
()
©
0.05 A
O T T T T T T T
P N T - ST SN - SN NP~ S Sy
0P AV S oY D A P AP N A A% O n R
O S M AP - S
energy density [J/mm2]
‘—0—1—AM2 —& 2-AM2 —a— 2-AM1 —e— 3-AM2 —x— 3-AM1
1.6
— 14 ———e
£ Wl
E12] vd
g
8 14y «
©
3 sl I\ A A
RV VN
3 06 1 - ::
S |
204
5
3 0.2+
0
R T ST ST SN - SN NP g
5 AT Q0 Y a” AP Q2 AP AT AR AT QP N LS
R A M R A <
energy density [J/mm2]
——1-AM2 —8— 2-AM2 —&— 2-AM1 —e— 3-AM2 —x—3-AM1

Fig. 2 Dependence of alloying and quenching depth versus energy density K. 1, 2, 3 i code of steel;
AM1- 800 granulation SiC particles; AM2- 320 granulation SiC particles; *d,=2.18mm.
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When is used AM2 additional material, the
maximum depths are encountered with steels code 1
of minimum carbon content and they increase with
the energy density. This may be due to the fact that
when the carbon in the steel increases, the carbides in
the steel increase as well and the thermal conductivity
of steel decreases. Particles SiC with 320 granulation
are dissolved in melted bath with high density energy
and this generally determines, in the same condition
of laser processing, an alloying and depth better than
800 granulation SiC particles (AM1). The micro
hardness analysis (Fig.3) in the depth of the laser
processed strip shows a higher hardening of the
alloyed layer as compared with the steel sub layer
hardened from solid phase. The micro hardness of
these zones increases with the steel carbon
concentration. It should be noted the softening
occurring in the transition zone from alloyed layer to
quenched layer, which is more intensive with the
amount of carbon in the steel. The HV;s hardness is
strongly affected by the additional material, the
carbon in the steel and the beam diameter. With steel
code 3 the strongest hardness is caused by the
alloying with AM2 - green SiC of granulation 320
(Fig.4), as a result of obtaining some composite phase
structures. The minimum hardness is caused by the
additional material AM1 of granulation 800, when the
additional material is dissolved. The hardness of the
alloyed layer increases with the carbon in the steel
which provides higher reinforcement to the composite
layer. At the same time it decreases with higher
energy densities due to the high amount of residual
austenite in the matrix. The steel code 1 of minimum
carbon content shows the most drastic decrease in
hardness due to the additional capacity of alloying its

matrix and also due to the high depth of the alloyed
layer which makes that the amount of additional
material be distributed in higher volumes. The
maximum hardness appears when the process is
performed by concentrated beams of lower diameters.

14000 -
12000 4
— 10000 -
8000 -
6000 4
4000

HV0.1[MPa

2000
0

0 0.4 0.6 0.8

depth[mm]

——1-8-2-3

Fig.3. The variation of micro hardness in the
depth of alloyed layer for AM2: steel code
1 - 230.7 J/mm?; steel code 2 - 217.9 J/mm?; steel
code 3 - 296.5 J/mm?.

4. Conclusions

The laser alloying of low alloyed steels from pre
deposited pastes containing SiC particles leads to the
steels more alloyed with carbon and silica than the
base material or to the composite structures with SiC
reinforcing elements, featuring higher hardness than
the laser quenching from the solid phase layers of
base material.
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Fig.4. Dependence of hardness HV5 by additional material and carbon content of steel; 1, 2, 3 fi code
of steel; AM1- 800 granulation SiC particles; AM2 - 320 granulation SiC particles; *d,=2.18mm
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Improved alloyed layers may be obtained when
using green SiC of 320 mesh/"linear granulation.
Hardness is improved when the concentration of the
carbon in steel is higher under laser processing. This
process results in partial dissolving of the SiC
particles and employing concentrated beams. For
alloying purpose it is convenient to use steel code 2
and 3 of medium or high carbon content, which
provides a hard under layer quenched from the solid.

From these experiments results that, the
optimum condition for steel code 2 consists in laser
alloying with 320 granulation green SiC particles,
with P = 950W; d = 2.18mm; v = 1.5mm/s. This
condition ensure a 0.19mm adequate depth of alloyed
layer and a high hardness HV5 = 9580MPa.

For steel code 3 is recommended laser alloying
with 320 granulation SiC green particles, P = 950W,
d = 2.18mm, v = 201.5 mm/s. The depth of alloyed
layer is 0.1900.17mm with a high hardness HV5 =
993009720MPa.
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ABSTRACT

The present work has the purpose of obtaining composite coatings in zinc matrix
by using phenol - formaldehyde resin type NOVOLAC (RESITAL 6358/1) in the
electrodeposition process of zinc. The PF resin/Zn composite coatings were
electrodeposited from a suspension of PF resin particles (diameter < 56 pm) in
aqueous zinc sulphate electrolyte. Suspension was prepared by adding 10g/L and
25¢g/L PF resin particles into solution. The pure zinc coating has a rather regular
surface, whereas the composite coatings surface has fine surface structure. For
layers obtained at 3A/dm® the polarization resistance is higher for composite
coatings with 10 g/L PF resin (R, = 238.75 Q cm?) than pure zinc (R, = 3454 Q
cm?). For layers obtained at 5A/dm? the polarization resistance is higher for
composite coatings with 25 g/L PF resin (R, = 430.19 Q cm?) than pure zinc (Rp =
127.34Q cm?). As test solution 0.5M sodium chloride was used, it was observed that
by adding PF resin particles in zinc electrolyte for electrodeposition it was obtained
a very good distribution of resin particles on zinc surface and PF resin/Zn
composite coatings obtained are most resistant at corrosive attack than pure zinc
obtained from electrodeposition under the same conditions.

KEYWORDS: PF resin particles, electrodeposition, PF resin/Zn composite

coatings, thickness layers, polarization resistance

1. Introduction

Metal composite materials have found application
in many areas of daily life for quite some time. Often
it is not realized that the application makes use of
composite materials. These materials are produced in
situ from the conventional production and processing
of metals. For many researchers the term metal matrix
composites is often equated with the term light metal
matrix composites (MMCs). Substantial progress in
the development of light metal matrix composites has
been achieved in recent decades, so that they could be
introduced into the most important applications.
These innovative materials open up unlimited
possibilities for modern material science and
development; the characteristics of MMCs can be
designed into the material, custom-made, dependent
on the application. From this potential, metal matrix
composites fulfill all the desired conceptions of the

designer [1]. However, the technology of MMCs is in
competition with other modern material technologies,
for example powder metallurgy. The advantages of
the composite materials are only realized when there
is a reasonable cost fi performance relationship in the
component production. The use of a composite
material is obligatory if a special property profile can
only be achieved by application of these materials [2].

To summarize, an improvement in the weight
specific properties can result, offering the possibilities
of extending the application area, substitution of
common materials and optimization of component
properties. With functional materials there is another
objective, the precondition of maintaining the
appropriate function of the material.

Obijectives are for example: increase in strength of
conducting materials while maintaining the high
conductivity, improvement in low temperature creep
resistance (reactionless materials), improvement of
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burnout behavior (switching contact), improvement
of wear behavior (sliding contact), increase in
operating time of spot welding electrodes by
reduction of burn outs, production of layer composite
materials for electronic components, production of
ductile composite superconductors, production of
magnetic materials with special properties. For other
applications, different development objectives are
given, which differ from those mentioned before. For
example, in medical technology, mechanical
properties, like extreme corrosion resistance and low
degradation as well as biocompatibility are expected
[3]. For all these reasons metal matrix composites are
only at the beginning of the evolution curve of
modern materials (see Fig. 1) [4].
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Zinc is the most widely used material for
protection of steel against corrosion. The success of
using zinc as a steel coating can be attributed to its
sacrificial nature, low cost and ease of application
(hot fi dipping or electroplating) [5]. Zinc is more
corrosion resistant than steel in most natural
atmospheres, the exceptions being ventilated indoor
atmospheres where the corrosion of both steel and
zinc is extremely low and certain highly corrosive
industrial atmospheres. The major drawback of thick
coatings is poor weldability and difficulty to achieve
a specular finish after painting. This provides the
need to develop thinner electrodeposited coatings
with improved properties such as hardness, ductility,
corrosion, etc [6].

Electrodeposition offers rigid control of film
thickness, uniformity and deposition rate and is
especially attractive owing to its low equipment cost
and starting materials. Due to the use of an electric
field, electrodeposition is particularly suited for the
formation of wuniform films on substrates of
complicated shape, impregnation of porous substrates
and deposition on selected areas of the substrates [7].

The use of zinc-plated articles is increasing due to
its sacrificial protection of steel from corrosion.

This sacrificial protection is due to the fact that
the zinc is a less noble metal and catholically protects
the steeleven in places where the deposit is damaged.
Zinc coatings are obtained either from cyanide, non-
cyanide, alkaline or acid solutions [8 - 12]. Because
of the pollution and high cost associated with
cyanide, deposition from other baths such as sulphate,
chloride and mixed sulphate-chloride baths are
gaining importance.

Good deposition depends mainly on the nature of
bath constituents. Generally, a plating bath contains
conducting salts, buffering agents, complexing agents
and metal ions. Among these the complexing agents
effectively influence the deposition process, solution
properties and structure of the deposit. The action of
these complexing agents is specific and depends on
pH, nature of anion, temperature and other
ingredients of the medium. Too many ingredients
cause difficulties in maintaining the operating
parameters of the bath solution during the plating
process. Some of these agents smoothen the deposit
over a wide current density range and the other
addition agents influence the production of bright
deposits [13].

In the present work, efforts have been made to
develop a bath solution without additive because they
could give reactions with PF resin particles and the
results could not be interpreted properly.

Phenol and formaldehyde are among the most
basic building blocks in polymer chemistry. The
condensation reaction may be initiated by a number
of alkali or acidic catalysts, resulting in a polymer.
This polymer, in conjunction with various organic
and inorganic reinforcing systems, offers a variety of
unique properties and characteristics. The polymer
acts as a matrix for binding together a number of
substrates such as wood, paper: fibbers (e.g.,
fibreglass), or particles (e.g. wood flour, foundry
sand) to form a highly crossed-linked composite. The
phenolic based products have some characteristics:
dimensional stability at elevated temperatures; creep
resistant, excellent fire performance, cost effective,
outstanding durability, excellent strength-to-weight
ratio, excellent thermal insulation properties,
excellent  sound-damping  properties, corrosion
resistant, water-resistant.

The present work has the purpose of realization of
composite coatings obtained by using PF resin type
NOVOLAC with commercial name RESITAL 6358/1
(for the first time) synthesised by HUTTENES -
ALBERTUS Germany electrodeposited with zinc. It
is necessary to note that by involving the particles of
PF resin in a zinc matrix we can obtain materials with
properties differing from those of the individual
materials.
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2. Experiment

For electrodeposition we used a cell shown in Fig.
2. Zinc plate of 99.9% purity was used as anode.

As cathode we used steel plates DC04 (chemical
composition and mechanical properties are presented

in Table 1) which were degreased with alkaline
solution (Na,HPO,4 x 12H,0 50 fi 60g/L, Na,SiO, x
5H,0 25 fi 30g/L, liquid soap 2 fi 3g/L, temperature
80 fi 90°C, time 10min), after etching with HCI15%
for 1 - 2min and washing with distilled water.

Table 1. Chemical composition and mechanical properties for steel DC04

Chemical composition,%

Yield Max tensile | Min % total

Steel c |mn|si |p

Al

strength
N mm?

strength
N mm?

elongation
80mm GL

DC04 0.04 | 0.20 | 0.02 | 0.018 | 0.012

0.060

210 270 i 350 38.00

+ =
{2 ) —

Anode
P Zn

R -
Tes plptes OCOH

Elrctrolyly siufion
Fig. 2. Cell for electrodeposition

The PF resin/Zn composite coatings were
obtained from a suspension of PF resin particles
(diameter < 56 pm) in aqueous zinc sulphate
electrolyte (Table 2).

Table 2. Composition and operating
conditions for electrodeposition

ZnSO,4 x 7TH,0 310g/L
Na,SO,4 x 10H,0 75¢/L
Alz(SO4)3 X 18H,0 309/L
PF resin particles 10g/L and 25g/L
Temperature 25°C
pH 350 4.0
Current density 3A/dm? and 5A/dm?
U v
Time 1h
Stirred 1000 rpm

Zinc sulphate electrolyte has cathodic polarization
bigger than zinc chloride electrolyte so that we used
sulphate electrolyte for electrodeposition. Sodium
sulphate increase the conductibility and ability to
disperse and aluminum sulphate was used as
buffering agent which stabilized the acidity of
electrolyte. Concomitantly we obtain more shining
layers.

Phenol-Formaldehyde resin is a highly
crosslinked thermosetting material that is produced

by the poly-condensation of phenol and formaldehyde
in the presence of either acidic or basic catalyst. An
acid catalyst is usually used in preparing NOVOLAC
type of resin. A novolac resin is produced if the mole
ratio of formaldehyde to phenol (F/P) is greater than
one [14]. This procedure produces relatively linear
chains with typical molecular weights between 500
and 1000g/mol (see Fig. 3).

i t
'

Fig. 3. Schematic illustrating the formation of
the novolac type structures

The properties of PF resin type NOVOLAC with
commercial name RESITAL 6358/1 synthesised by
HUTTENES i ALBERTUS Germany are presented
in Table 3.

Table 3. Properties for RESITAL 6358/1

Melting point 70i80°C
Sliminess at 120°C 351 55Pas
Flow length 40 A 50 mm
Phenol <1%
Water <05%

For electrochemical corrosion measurements we
used a three-electrode open cell with pure zinc and PF
resin/Zn composite coatings as working electrode
(WE), a platinum gauze as counter electrode (CE) and
an Hg/Hg,SO,/saturated K,SO,4 solution electrode as
reference electrode (SSE = +670mV/NHE). As test
solution 0.5 M sodium chloride was used.

The morphology of deposits was examined by
scanning electron microscopy (SEM).
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3. Results and discussions

Figures 4 i 7 compare a pure zinc coating and PF
resin/Zn composite coating obtained at 3A/dm?® and
5A/dm? current density, 1h stirred at 1000 rpm with
different concentration of PF resin particles 10g/L
and 25g/L (2000x magnification).

The surface morphology of layers is different
compared with pure zinc coated. The pure zinc
coating has a rather regular surface, whereas the
composite coatings surface has fine surface structure.
By increasing the PF resin concentration in the zinc
electrolyte the surface structure of composite coating
is changed more to finer crystallites. The PF resin
acts as reducing the crystals size of electrodeposited
zinc during co-deposition. The PF resin could have an
inhibition effect of zinc crystals growth and a
catalytic effect in increasing nucleation sites.

Fig. 5. SEM suface mphology f'pure zinc
electroplating obtained at 5A/dm?® (2000x)

The thickness of pure zinc layers obtained at
3A/dm? and 5A/dm? current density, 1h stirred with
1000 rpm is 38.86 pm, respectively 58.24 uym.

Fig. . SM surfac mrphology of P
resin/Zn composite coatings (10g/L PF resin)
obtained at 3A/dm? (2000x

i Lo Ly
Fig. 7. SEM surface morphology of PF
resin/Zn composite coatings (25g/L PF resin)
obtained at 5A/dm? (2000x)

By adding PF resin particles the thickness of layers
obtained in same conditions is a little smaller 34.27
pum for layers obtained by electrodeposition process
with 10g/L PF resin at 3A/dm? and 55.19 pm for
layers with 25g/L PF resin at 5A/dm? (Figure 8).

-
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Fig. 8. Comparative thickness of pure zinc and
PF resin /Zn layers obtained by
electrodeposition at 3A/dm® and 5A/dm? with
10g/L, respectively 25¢/L PF resin in electrolyte
solution
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We could observe that if we increase the current
density the thickness of pure zinc and coatings layers
increase. By adding PF resin particles in electrolyte
solution the thickness of layers obtained is lesser, but
not too much than pure zinc obtained under same
conditions for electrodeposition. The decreases of
layers obtained with resin particles may be explained
by fine structure of composite particles.

The electrochemical investigation of each sample
began with monitoring of the OCP change
immediately after the immersion into the testing
solutions till reaching a relatively stable stationary
value. The performed potentiodynamic diagrams for
pure zinc and PF resin/Zn composite coatings in 0.5M
sodium chloride are presented in Figure 9.

In  corrosion, quantitative information on
corrosion currents and corrosion potentials can be
extracted from the slope of the curves, using the
Stern-Geary equation, as follows [15]:

- l ﬂa ﬂC (1)
2.303R, B, + 5
is the corrosion current density in

Icorr

icorr
Amps/cm?;
- Ry is the corrosion resistance in ohms-cm?;
- Ba is the anodic Tafel slope in Volts/decade or
mV/decade of current density;
- B¢ is the cathodic Tafel slope in Volts/decade or
mV/decade of current density;

- the quantity, (8, B.)/(B. + B.). is referred to
as the Tafel constant.

[E R TEN er?

[E TR F R S I TR 1N I N - B ¥
B, Y SSE|

Fig. 9. Comparative polarization
potentiodynamic curves for pure zinc and PF
resin/Zn composite coatings in 0.5M sodium
chloride solution obtained after 30 min from

immersion time (log scale).

The corrosion potential (Egr), cOrrosion current
density (icorr) and polarisation resistance (Ry), which
were obtained from the potentiodynamic polarisation
curves are summarized in Table 4.

Table 4. Polarization resistances values of pure zinc and PF resin/Zn composite coatings
calculated from polarization potentiodynamic curves obtained after 30 min
from immersion in 0.5M sodium chloride solution

Type of coatings Eoorr,V; forr, rrEi// nE\C// R_F;Eglm corn
2 1
Hg/Hg,SO, uA/cm decade | decade Q cm? um/year
P”reggfjﬁq%a“”g - 1.45 239.98 4770 | 3174 | 3454 360.54
Pure zinc coating
5A/dm? -1.47 65.32 40.64 17.50 127.34 89.84
PF resin/Zn composite
coating 3A/dm?, 10g/L -153 3.32 32.83 29.30 238.75 34.13
resin in electrolyte solution
PF resin/Zn composite
coating 5A/dm?, 25¢/L -1.64 0.87 26.31 26.93 430.19 5.17
resin in electrolyte solution

The corrosion potential is shifted to more negative
values for PF resin/Zn composite coatings (- 1.64V
for coatings obtained at 5A/dm?® with 25g/L resin in
electrolyte solution, respectively - 1.53V for coatings
obtained at 3A/dm? with 10g/L resin in electrolyte
solution) than pure zinc coatings (- 1.47V for coating
obtained at 5A/dm? and - 1.45V for coating obtained
at 3A/dm?). From potentiodynamic polarization
curves the polarization resistance of pure zinc coating

obtained at 3A/dm? is 34.54Q c¢m? and for pure zinc
coating obtained at 5A/dm? is 127.34Q cm? in 0.5M
sodium chloride. The polarization resistance of PF
resin/Zn coatings are bigger and the values is
238.75Q cm? for coatings obtained at 3A/dm? with
10g/L Pf resin in electrolyte solution, respectively
430.19Q cm? for coatings obtained at 5A/dm? with
25g/L Pf resin in electrolyte solution in 0.5M sodium
chloride solution.
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From experimental data was observed that
corrosion rate has a big value for pure zinc coatings
obtained at 3A/dm? (360.54pm/year) and small value
for PF resin/Zn composite coatings obtained at
5A/dm? with 25g/L PF resin in electrolyte solution
(5.17umlyear). It was observed that by adding PF
resin particles in zinc electrolyte for electrodeposition
it was obtained PF resin/Zn composite coatings most
resistant at corrosive attack at 0.5M sodium chloride
solution than  pure zinc  obtained from
electrodeposition where the same conditions.

4. Conclusions

Our work proved that PF resin particles type
NOVOLAC with commercial name RESITAL 6358/1
could be codeposited with zinc to obtain composite
coatings.

The surface morphology of composite coatings
layers is different compared with pure zinc coated.
The regular crystal structure characteristic of
electroplated zinc coatings was disturbed by PF resin
particles that perturb the zinc growth during
electrodeposition. By adding PF resin in zinc
electrolyte for electrodeposition we obtained a very
good distribution of PF resin particles on zinc surface.

The corrosion potential is shifted to more negative
values for PF resin/Zn composite coatings
comparative with corrosion potential for pure zinc
coatings.

From potentiodynamic polarization curves the
polarization resistance of pure zinc coating obtained
at 3A/dm? and 5A/dm? is smaller than polarization
resistance of PF resin/Zn composite coatings obtained
under the conditions for electrodeposition. The
biggest value of polarisation resistance (430.19Q
cm?®) was obtained for coatings obtained at 5A/dm?
with 25g/L Pf resin in electrolyte solution in 0.5M
sodium chloride

By adding PF resin particles in sulphate zinc
electrolyte for electrodeposition we obtain a very fine
surface structure of composite coatings, consideredas
a method of obtaining nanocomposite coatings and
the layers obtained are most resistant at corrosive

attack in 0.5M sodium chloride solution than pure
zinc obtained from electrodeposition under the same
conditions.
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ABSTRACT

Laser offers unique capabilities for high energy concentrations at small
surfaces. Factors that have influences over interactions between laser beam and
steel surfaces have very high control. Pulse laser YAG:Nd is usually used for
cutting and welding. Paper is based on hardening experiments using KVANT 17
(YAG:Nd) pulse laser over 38MoCrAI09 steel. Results were investigated by
hardness (HV5) macrographic and micrographic method.

KEYWORDS: laser, YAG:Nd, hardening, steel

1. Introduction

Lasers have progressed from a laboratory
curiosity to an industrial tool. Most of today's
industrial lasers output infrared light in the form of a
beam that is converted to heat energy when it
interacts with a material being processed. Cutting and
welding laser systems use highly focused beams
having power densities in excess of 106W/cm’ to
quickly melt and vaporize metals. Because these two
industrial applications total nearly 95% of all laser

systems sold, the use of lasers for surface
modification is often overlooked, [6]. Superficial
hardness is obtaining through beam energy

distribution with low intensity for superficial heating
of surface between melting points. The principal
condition for process is energy uniform distribution
over metallic material surface. That conduces to a
uniform heating layer depth. Heating by power laser
is characterized by high heating speed (pulse laser
beam) from ambient temperature to austenitic
domain.

After heating laser beam is stopped (pause), heat
from superficial layer is transmitted by material
diffusivity to adjacent volumes with very high speed
and a local quenching is realized. Cooling speed is
higher by critical quenching speed that means an auto
quenching process and an exterior quenching mediun
is unnecessary. The heat is lost by thermal
conductivity from heating layer to material core and
cooling speed is approaching to 1000°C/s.

Maximal temperature (°C) in superficial layer is
given by relation:

T- 2F,+at .

max /]\/77_ ( )
where: Fo fi power density, W/cm?, a fi thermal
diffusivity, cm®s, A f thermal conductivity,

W/°C-cm; t fi time, s. After surface heating by pulse
laser it is possible to obtain martensitic total
transformations, but a quantity of residual austenite is
normally present in microstructure. A cooling process
is preferable to continue under 0°C.

Laser hardening is characterized by:

e  Laser beam power increasing for a constant
speed of part moving conduces to decreasing
hardness

e  Speed and beam power are control factor for
depth hardening layer and for incident interaction
surface

e  Hardness obtained by laser quenching is
higher by furnace heating and liquid quenching

e  Laser hardening is easily optically controlled
and depth of quenching layer is uniform

e Hardness is depending on
conductivity of material

Superficial hardening by YAG:Nd pulse laser is
influenced by: steel hardenability (chemical
composition), laser beam energy measured through
accumulator supply of optical pumping system (at
capacity battery connector), pulse frequency;
focalization of laser beam at material surface
(defocused).

thermal
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2. Experimental conditions

Pulse laser KVANT 17 (made CIS) has solid
active media by YAG:Nd (Y3Al501,).
Some important characteristics are: active media

dimensions diameter 6.3 mm and length 100 mm;
wave length 1.06 um (IR); pulse time 20O5ms; pulse
frequency 1020 Hz; objective focal length 50 mm;
surface diameter of interaction 0.30O1.3mm; pulse
energy, min. 8J.

210" ‘
~ 10° lasma
S 10° —_—

& ., sublimation =
% 100 1™ =~
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% 10°% ~ layer N~
@
2 10°
(]
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103 T T T
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time, s

Fig.1. Basic processes and laser thermal applications in function of specific power and irradiation
time: 1- superficial hardening, 2- alloying, 3- cutting and welding, 4-drilling, 5-glazing

(amorphous layer) and superficial melting, 6- thermal pulse hardening, 0.

Table 1. Relative comparison of different lasers used for heat treatments

Laser type |Wave length Abs_o_r ption Initial cost Operating Expgctede
efficiency cost life
nm
CO2 10,6 Low Low Moderate High
YAG:Nd 1,06 Moderate/High High High High
HPDD 800 High Moderate Low Low

Table 2. Chemical composition for 38MoCrAIO9 (mass %)

Steel Chemical compositon
C Mn P S Si Mo Cr Ni Al
38MoCrAIO9 | 0,410 | 0,530 0,022 | 0,011 | 0,330 | 0,180 | 1,350 | 0,110 | 0,860

For experiments was used 38MoCrAI09 steel with
final heat treatments (quenching and tempering).
Chemical composition is shown in Table 2. The
experimental hardening regimes using YAG:Nd pulse
laser are showing in Table 3. No used additional
sample surface painting and no additional cooling
system for quenching.

3. Results and discussion

Hardening surface was investigated
macroscopically, micrographically and by surface
hardness. In Fig. 2 and Fig. 3 are shown macrographs
with typical surface after laser hardening. A local
melting is present and surface craters were formed

because a high local energy was concentrated at the
material surfaces (Fig. 2). A normal surface
hardening by laser beam is presented (Fig. 3) when
oxidizing surfaces appear at interactions surfaces with
oxygen because the temperature is in austenitic
domain.

Macrographs for different samples are shown in
Fig.4. Hardness increased for all experimental
regimes (Fig.5). For 0 mm defocused hardness is
higher over initial hardness 300 daN/mm? from 520
daN/mm? (550V) to 650 daN/mm? (900V). Hardness
variation had a decreased zone and a increased zone.
In the decreased zone hardness has a linear decrease
with capacitor voltage from 520 daN/mm? to 380
daN/mm?. The decreased is a result of high energy
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localized on a minimum surface at focal distance of In a second stage hardness is increasing because a
objective (50mm) and practical defocused is zero.  cooling process from melt is present. A similar
The minimum surface is 0.00785mm? Cooling situation appears for 7.5mm defocused. For 5mm
capacity of material has a finite value and is  defocused and 550V O700V surface hardness have a
determined by thermal conductivity of material. linear increasing from 320daN/mm? to 650daN/mm?.

Table 3. Pulse laser (YAG:Nd) hardening experimental regimes

Experiment | Acumulator o Total Pulse Discharge . Hardness
(sample) supply Defocalization pulse Frequency current Total time HVs final
number
u.m. \ mm - Hz 10°°A minute daN/mm?
1 550 0 410 0,3 34-58 22 520
2 600 0 430 0,3 34-60 23 425
3 650 0 460 0,3 34-60 25 388
4 700 0 406 0,3 34-60 20 466
5 750 0 411 0,3 40-70 23 477
6 550 2,5 415 0,3 30-48 22 466
7 600 2,5 420 0,3 32-52 23 603
8 650 2,5 430 0,3 36-58 17 435
9 700 2,5 440 0,3 38-64 32 441
10 750 2,5 420 0,3 42-70 20 376
11 550 5 410 0,3 28-48 22 332
12 600 5 365 0,3 30-52 20 473
13 650 5 410 0,3 34-60 25 549
14 700 5 410 0,3 38-64 20 644
15 750 5 410 0,3 40-68 23 460
16 550 7,5 410 0,3 24-46 22 487
17 -
18 600 7,5 466 0,3 30-52 20 412
19 650 7,5 410 0,3 42-64 22 325
20 700 7,5 430 0,3 14-38 21 412
21 750 7,5 436 0,3 38-66 23 376
22 800 7,5 440 0,3 38-66 20 441
23 850 7,5 450 0,3 38-66 22 566
24 900 7,5 460 0,3 38-66 21 540
25 950 7,5 465 0,3 38-70 23 549
26 650 10 406 0,3 38-70 23 283
27 700 10 411 0,3 38-70 23 310
28 750 10 415 0,3 38-70 23 306
29 800 10 420 0,3 38-70 23 391
30 850 10 430 0,3 38-70 23 418
31 850 10 440 0,3 38-76 23 325
32 850 10 420 0,3 38-76 23 401
33 900 10 430 0,3 38-76 23 367
34 950 10 445 0,3 38-76 23 453
cl 800 5 440 0,3 40-76 26 418
c2 850 5 436 0,3 50-82 22 575
c3 900 5 422 0,3 54-88 21 371
c4 950 5 430 0,3 58-96 23 401
35
36 800 0 410 0,3 44-74 20 603
37 850 0 430 0,3 48-80 22 644
38 900 0 460 0,3 52-86 23 655
39 950 0 406 0,3 52-86 21 -
40 800 2,5 415 0,3 44-76 24 -
41 850 2,5 420 0,3 46-80 20 441
42 900 2,5 430 0,3 50-92 23 353
43 950 2,5 440 0,3 64-100 24 623
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Fig.5. Hardness variations after pulse laser hardening for experimental regimes.

For 700V capacitor voltage, a maximum of
hardness was obtained, approx. 650daN/mm?.

If accumulator supply is increasing over 700V, the
energy of laser pulse beam is increasing and hardness
is decreasing because local heating energy is higher
and auto quenching time is too short.
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Over 800V local melting is present and hardness is
difficult to measure (Fig.2).

Surfaces are hardened by cooling from melt. A
similar situation is for 2.5mm defocused. For 10mm
defocused, hardness is increasing only for 750VO
850V capacitor voltage.
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4. Conclusions

The KVANT 17 pulse laser with solid active
media (YAG:Nd) is normally used for cutting and
welding. By adapting a xy plotter controlled by
computer, small pieces (samples) is moving relatively
to laser beam. Interaction energy was controlled by
defocused and indirect measurement of energy
(capacitor voltage).

Hardening surfaces by pulse laser YAG:Nd is
possible to realize for small surfaces. For
38MoCrAlIQ9 steel an increasing of hardness from 309
daN/mm? to 650 daN/mm? was obtained under the
presented experimental condition.
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ABSTRACT

For already quite some time, the word energy has received a somewhat negative
connotation. Some circles want to make us believe that energy is something that one
should have disgust for; a necessary evil that should be avoided at any price. With
such unqualified negative thinking that omits recognition of the positive
contributions, and that focuses only on the side effects and shadow sides, without
paying attention to the technological solutions that can “neutralize” the
disadvantages, mankind will not be served well. Such attitudes will have a rather
lethargic effect on a healthy devel opment of society.

KEYWORDS: energy source, wind power, global warming

1. Introduction

For the next 20-40 years, there is an ample
physical availability of primary energy sources. The
current estimations for oil and gas reserves are about
40 and 60 vyears, respectively. For coal, the
estimations are 200 to 300 years, whereas for uranium
it depends whether one opts for reprocessing and
breeding or not: these reserves vary between 50 and
3000 years depending on the option chosen. If one
takes into account the non-conventional fossil sources
such as tar sand and oil shale, if one counts on the
availability of the massive resources of methane
hydrates in the deep ocean, on the uranium
concentration in the seas or on the thorium cycle, or
even on nuclear fusion from deuterium and tritium, it
is obvious that the physical presence of primary
energy is not really a concern. In any case, we could
still continue to use it for quite a while, at least from
the point of view availability. [1]

Today there are many investments made in
research on new and cheaper ways of producing
electricity in which wind power systems and solar
panels play an important role. A great concern is
raised over the environmental aspects of how electric
energy is being produced varying from pollution by
gases or toxic waste up to the visual aspect. However,
next to the environmental issues mentioned above,
there is one major problem for which there is no easy
and cheap solution: the greenhouse effect.

This problem is indeed of a global nature. It has
such far reaching consequences, that it is appropriate
to spend some time on it.

At first sight, it is simple. The presence of gasses
such as water vapour and carbon-dioxide (CO,) in the
atmosphere, guarantees that we know mild

temperatures on the earth. Without these gasses, the
temperature on earth would be about 30°C lower. An
increase of those gasses would therefore lead to a
global temperature increase on earth (figure 1). This
effect is called the greenhouse effect (IPCC, 1996;

Houghton, 1997)
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Fig. 1. The Earth’ s surface temperature
increases

The lack of fossil fuel, that thermo plants use, is
predicted to end in the near future. A bigger problem
when using fossil fuel are the nooses resulted from
combustion. This can be solved by developing filters
for the nooses and to find cheaper ways to get rid of
nuclear waste. Therefore the industry reoriented its
interest to more environmentally friendly solutions.
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[2]. The most common used alternatives, to provide
energy for home use purposes, are residential micro-
grid built using both wind power system and solar
panels.

The direct proportionality between energy
(power) produced by a solar panel and the area
exposed to the sun has a great influence over the price
of this type of equipment. The technology of
fabrication for photovoltaic cell system has been
under development for quite a while now but still
expensive reciprocal of its power production. [3]

Denmark was the first country to use wind for
generation of electricity. The history of wind turbines
goes back to the 19th century. In 1890 there was
already a fully operational working wind turbine to
generate electricity. At the beginning of the 20th
century, several hundred units with capacities up to
25 kW were in operation in Denmark [1]. In America,
commercial types of wind-electric plants started to
appear in the interbelic period.

2. What is and how does the wind power
generation system work

Wind power generation consists of electric energy
creation, usually at grid parameters, by using different
types of rotary systems which harness the power of
the wind. These rotary systems may have the main
shaft horizontally or vertically. The horizontal
position of the shaft is found in the most wind
turbines when the vertical position of the shaft can be
located only in a few applications and they are
usually of low power (under 5 kW).
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Fig. 2. Wind turbine — Basic configuration

A wind turbine uses the horizontal moving of air
because this movement is the most powerful type of
air current that can be used to rotate a propeller (a
rotor in our case). The ascendant, or vertical, flow of
air is found only in small regions and it is rarely
detected nor it presents any powerful force. [4] The
basic idea of how a wind turbine works can be seen in
Figure 2 and described in the following paragraphs.

The horizontal flow of air blows over the rotary
system on the wind turbine causing it to rotate in a
certain direction. Because the rotor is a big
component it needs a certain wind speed to put it on
motion (usually above 5 m/s). Some wind turbines
allow adjustments to be made to the blades attack
angle. In this case the blades can be adjusted to a
maximum efficiency level. By doing this, it allows
the rotor to turn at an optimum level. Not all the time
the blades adjustment can give an optimum
performance, to reach it, the nacelle must also turn.

The maximum efficiency is reached when wind
direction is parallel with the nacelle and the blades
are configured for the actual wind speed.

If the wind turbine needs to be shut down, for
various reasons including maintenance, it uses both a
mechanical and electrical breaking system to turn the
rotor off.

The mechanical breaking system can be mounted
on the main shaft before or after the gear box. The
electrical breaking system is made by turning the
generator into a motor. This type of breaking cannot
stop the rotor completely. Therefore there is also a
mechanical breaking system.

The mechanical breaking system uses hydraulic or
air pressure for locking the rotor in a fixed position.

The propeller, in our case is named a rotor
because it converts mechanical energy into torque
rather than torque into mechanical energy as a
propeller is doing in cases of airplanes, ships or other
machines. The rotor received its mechanical energy
from the wind and converts the horizontal flow of air
into torque at its main shaft. This torque is then
converted into electric energy by the generator itself.

The generator mounted in the nacelle needs to
turn at certain speeds much higher than the rotor
speed. For this purpose many wind generators are
using a gear box to amplify the movement of the rotor
(eg. 20 rpm) up to the speed needed by generator (eg.
1500 rpm).

Dl Braka
Coupling
Bisdo

Ganerator

Geenaratar
jane. e

Mairr rarms

Waw baaring
Towwar lop plate i
G agsssmbdy Teslar

bezaring

Fig. 3. Wind turbine — Main components

-109 -



THE ANNALS OF iDUNAREA DE JOST UNIVERSITY OF GALATI.
FASCICLE IX. METALLURGY AND MATERIALS SCIENCE
N°. 2 fi 2008, ISSN 1453 fi 083X

The main component of every wind generator
system, figure 3, is the generator itself.

It is an important element because it generates
electric energy by converting the mechanical energy
received from the rotor.

The power, that a wind turbine generates, needs to
have the appropriate parameters so it could be used
successfully. To create a sinusoidal wave, that has the
frequency and the voltage level compatible to the
grid, a power converter is needed. This power
converter will convert the energy received from the
generator either DC or AC into an AC wave shape
with the correct frequency and voltage level. To do
that, it uses some commutation devices IGBTs or
MOSFETSs that need to be commanded by a DSP or
other device so that the output voltage will meet its
requirements.

After the AC voltage was created, it can be used
in homes or if it is connected to power grid it needs to
be prepared for transport, this being done by a
transformer which raises the voltage to some high
levels (20 kV or more).

3. Configuration of wind system

Currently, there are several main wind turbine
(WT) configurations: fixed speed and directly grid
connected wind turbine, variable speed WT with
squirrel cage induction generator, variable-speed WT
with double fed induction generator or variable speed,
direct-driven synchronous generator. For every
configuration presented bellow there could be several
variations.

3.1 Configuration 1

The first configuration, figure 4, consists of
several components connected in series to one
another. In this configuration the rotor is connected
directly to the synchronous generator. The power
transfer from the generator to the grid is made by
using a bidirectional converter. This converter allows
full control to both active and reactive power.
Because of using a synchronous generator the power
converter should be designed to handle full power.
The full power zone is reached when the wind has the
potential of turning the rotor at generator nominal
speed.
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Fig. 4. Wind turbine — configuration 1

This could be considered as an advantage, because
it assures that sometimes it could function at nominal
parameters.

This configuration also has its disadvantage by
using a big and heavy generator. Also, because the
generator has permanent magnets (PM), it is an
expensive apparatus.

Because it doesnit use a gear box it could be
considered a simple wind turbine from a mechanical
point of view but the power converter control system
is a little bit more complicated than the other
configurations.

3.2 Configuration 2

As seen in Figure 5, the configuration involves
using a gear box for transferring the power from the
rotor to the generator. This allows a smooth control of
the power that is produced. The generator is not so
expensive in this case because it doesnit have PM or
other components that are expensive. The gear box
and the induction machine generator allow the system
to work at variable speed.
i
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Fig. 5. Wind turbine — configuration 2

The squirrel cage induction generator must
receive a certain amount of power from the grid to
generate electric current. This is done by using a
bidirectional converter between the generator and the
grid.

The converter allows a flow of current in both
directions through controlling both active and
reactive power. It has to be designed to withstand full
load because there are cases where the generator
could generate power at nominal ratings. This
configuration can be used for both grid-connected or
standalone applications because of the flexibility
allowed in its control. Also a big advantage is the
variable speed that it can operate though not
depending on the wind speed.

3.3 Configuration 3
The 3rd configuration differs from the other 2
because of the design and the components that it uses.
In this case the power converter is only designed to
withstand 25 % of nominal power.
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The transformer has tertiary windings.

The generator, figure 6, is constructed to allow
access to both rotor and stator windings. The stator
windings are used for grid connection and the rotor
windings are connected to the power converter.
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Fig. 6. Wind turbine — configuration 3

As in the above two cases, the power converter is
also bidirectional. The bidirectional power converter
is used especially because it allows a smooth control
of active and reactive power.

For all power converters that are bidirectional, a
great care should be taken to assure correct firing of
the IGBTs or MOSFETs used in the high power
section of the converter. The command part for this
type of power converter is a little more complicated
like the one used for 2 quadrant converter because it
must check the power flow and control 2 inverters
instead of one.

3.4 Configuration 4

This configuration is different from the other
configurations because it uses a softstarter to allow
the generator to start slowly (softly). This type of
configuration is a more robust solution.

The soft-starter is not such an expensive
component but the mechanical construction raises
some difficulties because it has to support a certain
amount of stress. Its major disadvantage is that it
operates at constant speed with only 1-2% speed
variation.

Also the system is very sensitive to the wind and,
because of this, it gives certain power pulsations.
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Fig. 7. Wind turbine — configuration 4

3.5 Chosen Configuration
Taking into consideration the above possible
configurations, number 2 has been selected. In this
configuration the gear box has been eliminated. The

bidirectional converter will have to control the
generator energy flow more rigorously as a normal
converter will do because it has to provide power to
and from the generator in the same time. Also the cost
for the induction generator is very small compared
with a synchronous machine or other type of machine
for that matter. We consider this configuration to be
easier to implement from a mechanical point of view.
Also, for this system, the components are not so
expensive and can be easily found. The only problem
will be the power converter where the control system
is a little more complex then the one used for a simple
inverter.

4. Influence of wind speed over
electricity generation

The amount of wind at a certain site is critical as it
determines the amount of energy the turbine will
produce. The best site for a wind turbine is where the
wind speeds exceeds 5 m/s as higher the average
wind speed for a region is, the better is for a wind
turbine farm to be constructed. For example, a 10 kW
turbine with an average annual wind speed of 4.47
meters per second produces about 7 700 kWh per
year. The same turbine produces about 12500kWh per
year at a site with an average annual wind speed of
5.36 meters per second. If the wind exceeds a critical
speed limit the turbine is shut down. But in nowadays
most of the wind turbines have a braking system,
electrical one or mechanical one so most off wind
speed problems are solved by mechanical brake or
electrical brake. [5]

The wind resource can vary significantly over an
area of just a few kilometers because of local terrain
influences on the wind flow. There are resources that
can be used to help determine the wind resources in
your area:

T wind resource maps can be used to estimate the
wind resource in your area;

T observation of an areais vegetation is an
indicator of the wind resources in an area, for
example trees can be permanently deformed by strong
winds;

T the most accurate measurement is done through
direct monitoring by a wind resource measurement
system; however, this can be very expensive

Fig. 8. Wind Speeds Increase with Height
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Equation 1 formula illustrates factors that are
important to the performance of a wind turbine.
Notice that the wind speed, V, has an exponent of 3
applied to it. This means that even a small increase in
wind speed results in a large increase in power. That
is why a taller tower will increase the productivity of
any wind turbine by giving it access to higher wind
speeds. The formula for calculating the power from a
wind turbine is:

— 1 3
P=kC, 2 p AV 1)

Where: P - Power output, kilowatts;

Cp i Maximum power coefficient, ranging from
0.25 to 0.45, dimension less (theoretical maximum =
0.59)

p fi Air density, is about 1.25 Kg/m3 in normal
conditions of temperature, pressure, see level etc.

A fi Rotor swept area, m2 or 1 D2/4 (D is the rotor
diameter in m, m = 3.1416)

V fi Wind speed, m/s

k A 0.000133 A constant to yield power in
kilowatts. (Multiplying the above kilowatt answer by
1.340 converts it to horsepower fi i.e., 1 KW = 1.340
horsepower).

Speed variation take-in consideration the height of
the tower as seen in equation 2:

a

yv_oh )

Vo h

Where: VO # is wind speed in m/s at the ground
levelh=0

a A coefficient characteristic to a
0=0.1+0.4

location,
5. Conclusions

The future energy policy should not be based on
an attitude TeitherT, 1orT. Because of the serious
challenges that we have to face, and taking into
account the dynamics and its consequences due to the
liberalization of the markets, we cannot afford that
TluxuryT. The energy policy will have to be based on
ithis and thatt. All possible routes must be
considered. For the time being, the energy world
manages to get by. But, in the long run, one will have
to TinterveneT drastically. We hope that our current

generation will take up its responsibility and that it
invests in as many realistic long term options as
possible. Only then, we will sufficiently pay back for
our TconsumingT of the fossil sources.

Wind energy is an ideal renewable energy
because:

1. it is a pollution-free, infinitely sustainable
form of energy

2. itdoesnit require fuel

3. it doesnit create greenhouse gasses

4. it doesnit produce toxic or radioactive waste.

Wind energy is quiet and does not present any
significant hazard to birds or other wildlife. When
large arrays of wind turbines are installed on
farmland, only about 2% of the land area is required
for the wind turbines. The rest is available for
farming, livestock, and other uses. Landowners often
receive payment for the use of their land, which
enhances their income and increases the value of the
land. Ownership of wind turbine generators by
individuals and the community allows people to
participate directly in the preservation of our
environment. Each megawatt-hour of electricity that
is generated by wind energy helps to reduce the 0.8 to
0.9 tones of greenhouse gas emissions that are
produced by coal or diesel fuel generation each year.
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ABSTRACT

The paper presents a series of researches regarding the vaporization of the
component elements of the metallic bath and slag during refining in LD converter.
Also, the main factors which influence the vaporization process during steel making
in LD converter are studied: the converter atmosphere; the carbon content of the
metallic bath; the speed of the oxygen jet; the temperature of the metallic bath; the
blowing diagram. Based on these researches we sought to obtain a technology of
steel made in LD converter so that the percentage of losses by vaporization is

minimum.

KEYWORDS: oxygen converter, vaporization, sludge, slag, oxygen jet speed,

critical carbon content.

1. Introduction

During steelmaking in oxygen converters, in the
impact zone of oxygen jet with the metallic bath, a
local temperature of 3000°C is created. As a result,
the boiling points of the metallic bath components are
exceeded, so that a part (0.6-1.2%) of the metallic
charge is volatilized as a red smoke made of fine
particles having a size of approximately 1uym [1-3].

1. 1.Vaporisation of the elements from the

metallic bath

In Fig. 1 it is presented the variation of vapor
pressure with temperature, for some metals.

The greater is the temperature of the metallic bath
in the impact zone of the jet, the greater are the vapor
pressures of the component elements Mn, Cr, Cu, Si,
Fe, Ni, Co, Ti and the stronger the emission of gases
and metallic vapors.

These vapors are entrained by the relaxing of the
CO bubbles resulted from the metallic bath
decarburization. Also, as a result of the bubbles
action and of the oxygen jet impact with the slag-
metal emulsion surface, an entrainment of the flux
fine particles is achieved, especially during slag
formation. At the level of the oxygen jet impact zone,
the ascending gas flow has the pressure P

corresponding to a temperature T; with which the

gas-vapor mixture enters the recovery unit (approx.
1923 K):

Pt = Ptl + Ptz , (1)
R, = Pre + Psj + Py + Pay + e (2)
R, =Fco t Peo, + Po, * Pu,0 t Py, ©))
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Fig. 1. Variation of the vapor pressure with
temperature

Because of the oxidizing conditions in the
recovery unit (false air excess) the elements vapors
are oxidized and condensed at the temperature T,
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corresponding to the dew point (Fig. 2), being
recovered in a proportion of 98% in the resulted
sludge from the wet cleaning unit. T, is the

temperature of condensation of the Fe, Mn and Al
vapors, which were cooled with the aid of cooling
water in Venturi tubes. Of the evaporated elements,
Fe has an important weight and influences the level of
the steel taking out [4]. The iron vaporization is
influenced by the converter atmosphere, the carbon
content of the iron bath; the speed of the oxygen jet,
the decarburizing rate.

PIA

T3 T, T, T
Fig. 2: Diagram of the vapors condensation of a
gaseous mixture

2. The influence of the converter
atmosphere upon the elements
vaporization

For example it is considered the iron vaporization
because Fe is quantitatively predominant in the
heterogeneous system subjected to the process. As a
result of the oxygen blowing, a Fe vapors counter-
flow appears and determines at a distance d from the
surface of the metallic bath the formation of a fog
layer of FeO, the following reaction being produced:

{Fe}+2{0,} - {Fe0)

resulting for the fluxes of the Fe vapors, F,, and
of oxygen, Fy, :

Fee = —2F,, )

In conformity with Fickis law, the flux of the Fe
vapors is given by the relation

oX
Fre ==CDr a;,:e +Xpe(Fre + FOZ ) ®)

From the relations (4) and (5) are obtained the
following relations:

oX Fe

Fre(2+ Xge ) =~2C Dr, (6)
o X‘Fe
dx
Feedy=-2CD Fe 7
J(:Fey Fe | 24 Xr, (")
Fe

_2CDg, In 2+ X'ge
0 2+Xp
where: Fr, the flux of the Fe vapors, in mol/m?.s;

D fi the diffusion coefficient of Fe in oxygen, in

Fre =

(®)

m/s; X2, fi the molar fraction of Fe at the distance
y=0;
X'ge fi the molar fraction of Fe at the distance

y=0; C fi the molar concentration of the Fe vapors, in
mol/m®,
=N _ i 9)
Ve RT
n fi the number of moles of Fe which vaporize;

Vg fi the molar volume of Fe;

Pe. fi the pressure of Fe vapors. In conclusion,
the flux of the Fe vapors is twice the flux of oxygen
and it is determined by the oxygen partial pressure
Po, Which characterizes the converter atmosphere.

3. The influence of the carbon content
from the bath subjected to the
vaporization

It is observed that during the decarburizing of a
metallic bath with upper oxygen jet, the carbon
content has a strong influence upon the decarburizing
process. Thus, for a carbon content of less than 2% C
(Fig. 3), the Fe vaporization becomes much weaker
and tends to zero as the carbon content decreases.

0.24 U/
0.20 /
0.16 /
0.12 ]I
0.08 5 /
0.04 o

0
a Of
O [

0 1 2 3 4
%C
Fig.3. Variation of Fe vaporization speed with

the carbon content [C]
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In industrial practice the medium decarburizing
rate in LD converter is 10% C/h, at a bath depth of
100 mm. The disappearance of the flame at the
converter mouth and the observation of the lance are
realized at a carbon content of approximately 0.05%
in the metallic bath, when the vaporization is minim.
It is important to determine the critical content of
carbon from which the vaporization begins to
decrease.

The Fickis first law is applied to the carbon
transport through a thin diffusion layer at the metal-
gas interface:

_d[C1 _1D0c o _

dt L 9o (CO Ccr) (10)
where: L i the depth along which the boiling of

the metallic bath takes place (~ 100 mm); D¢
carbon diffusion coefficient in iron [3.10® m?s]; g,
the thickness of the limit diffusion layer [3.10° m];
C, fi the carbon content at the interface (~ 0.03%);
C., A the critical carbon content when the

vaporization is reduced.
From the relation (10) it results the value
C. =0.31% which corresponds to the practical

values: 0.20-0.40 %C.

i
fi

4. The influence of the oxygen jet speed
upon the elements vaporization

In Fig. 4 is presented the variation of the oxygen
jet speed as a function of the carbon content of the
metallic bath. If the oxygen jet speed is bigger than
the value given by this curve for all the carbon
contents, the vapors emission is weak.
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Fig. 4. Variation of oxygen jet speed with [C]
If the oxygen jet speed is smaller than the critical

value, Fe is vaporized at a rate close to its maximum
value:

Wy, =K [C]? (11)
where: wg, fi the oxygen jet speed; [C] fi the

carbon concentration in the metallic bath; K fi
proportionality constant. The relation (11) is
established on the base of the relation:

2Fy, =Fco, > Fc (12)

obtained when the vapors release ends, from the
reaction:

{CO}+§{OZ}~{COZ}

with F, ,Feo and F; fi the oxygen, CO; and

carbon fluxes. The domain upon the curve from the
Fig. 4 corresponds to the case in which the steel
making takes place with minimum emissions of red
gases and the domain under the curve corresponds to
the case in which the steel making takes place with
maximum emissions.

It is concluded that during iron decarburization by
oxygen blowing through the upper side, in order to
obtain a reduced vaporization, the oxygen speed at
the lance nozzle exit must be as great as possible in
the case that the metallic bath has great carbon
contents. As the decarburization advances, the iron
oxidation must be maintained to a minimum value in
order to suppress the smoke formation.

5. Experimental researches

The sludge samples were taken from the sludge
funnel every two minutes of blowing from nine
charges. The chemical composition of the converter
dust (dry sludge) is presented in Tab. 1 from which
some aspects concerning the vaporization process in
the LD converter can be highlighted:

- the Fe content from the red smokes has a maxim in
the minute 4 of blowing and corresponds to the
maximum content of Fe,03;

- the SiO, content has a maxim in the minutes 8-10 of
blowing;

- the Al,O5; content variation has a maxim in the
minute 4 of blowing, as the Fe content;

- the CaO content variation has a maxim in the minute
14 of blowing;

- the MgO content variation has a minim in the first
two minutes of blowing and a maxim in the last
minutes;

-the Mn content variation presents a loop in the
minute 20 of blowing;

- the calcination losses (PC) variation has a maxim in
the minute 14 of blowing, as CaO;

-the dry substance (SU) variation has a maxim
concentration in the minute 12 of blowing.

Using a statistical program, there were obtained
the histograms of the main parameters of the
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vaporization process as well as the simple and
multiple correlations between them [5]. Of these, we
have selected the Fe content histogram (Fig.5). From
the histograms the following conclusions can be
drawn:

- the Fe content in the red smokes varies in the range
20-60% and the maximum frequency of 40% is
obtained for a 42-50% Fe content (fig. 5);

- the FeO content in the dry sludge varies in the range
6-27% and the maximum frequency of 28% is
obtained for a 18-20% FeO content;

- the CaO content in the in the dry sludge varies in the
range 10-30% and the maximum frequency of 43% is
obtained for a 15-20% CaO content;

- the quantity of dry substance SU varies between 5
and 35 g/l and has a maximum frequency of 40% for
a concentration of 17-23 g/l;

Variable: %FE

- the calcinations losses PC vary in the range 5-28%
and the maximum frequency of 28% is obtained for a
17-20% PC;

- the vaporized elements Ca, Si, Al, Mg pass as
oxides CaO, SiO,, Al,05; and MgO, respectively;

- the SiO, content in the dry sludge varies in the range
0-2.4% and the maximum frequency of 37% is
obtained for a 1.3-1.5% SiO, content;

- the Al,O3 content in the dry sludge varies in the
range 0-3.8% and the maximum frequency of 42% is
obtained for a 0.7-1.2% Al,O5 content;

- the MgO content in the dry sludge varies in the
range 0-4.2% and the maximum frequency of 38% is
obtained for a 0-0.8% MgO content;

- the Mn content in the in the dry sludge varies in the
range 0.5-2.5% and the maximum frequency of 42%
is obtained for a 1.3-1.5% Mn content.

Mean: 40.6455 Sigma: 8.75596

Specifications: Lower Specification Limit (LSL): 31.8896
Nominal Specification Limit: 40.6455
Upper Specification Limit (USL): 49.4015
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Fig. 5. The histogram of the absolute frequencies of % Fe

From the ten simple correlations we have selected
for presentation the regression curves of % FeO (Fig.
6a), and of SU (Fig. 6b), in g/l, as function of the
blowing time, t. From the regression curves the
following conclusions can be drawn:

- the FeO content presents two maxims in the minutes
8 and 20 and between them a minim corresponding to
the minute 14 when the decarburization is advanced
(Fig. 6a);

-the quantity of dry substance SU presents a
parabolic variation, presenting a maxim of 25 g/l in
the minute 12 of blowing (Fig. 6b);

-the MgO content in the dry sludge presents a
parabolic variation, presenting a minim of 0.2% in the
minute 12 of blowing;

-the Fe content presents a linear variation,
descending from a maxim value of approx. 55% in
the minute 4 of blowing to a value of approx. 30% in
the minute 22 of blowing;

- the SiO, content variation is linear, descending from
a maximum value of 1.8% in the first two minutes of
blowing to a value of 0.2% in the minute 22 of
blowing;

- the Al,O3 content variation is linear, ascending from
a 0.5% minimum value in the minute 2 of blowing to
a maximum value of 2.5% in the minute 22.
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Fig. 6. Regression curves for % FeO and dry substance SU (g/l)

From the multiple correlations we have selected
for presentation the regression surfaces of %
Fe=f(%CaO, %Si0O,) (Fig. 7) and of SU=f(%Fe,

%Ca0) (Fig. 8) and the following technological -

aspects can be detached:

- the Fe content in the red smokes depends to a great
extent on the CaO and SiO, contents from the
sludge obtained by the vaporization of Ca and Si

and by the lime dust training in the converter. A -

maxim of 54-55% Fe is registered for a 15% CaO
and 2.2% SiO, content. The greater the CaO
content in the sludge, the smaller the Fe content.
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Fig.7. Correlation of %Fe as function of
%CaO si %SiO,
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This fact conducts to the conclusion that the iron
vaporization can be diminished with a great CaO
content in slag;

the quantity of dry substance is determined by an
intense Fe and Ca vaporization, obtaining a
maximum of 35% SU for 55% Fe and 35% CaO
and a minimum of 2% SU for 10% Fe and 6%
Cao;

the calcination losses are influenced by the Fe and
Si vaporization, obtaining a maximum of 28% PC
for 8% Fe and 2.2% SiO, and a minimum of 6%
PC for 55% Fe and 0.2% SiO,.
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6. Conclusions

The iron volatilization in the LD converters
with oxygen blowing at top through lance is
important because great iron quantities (0.6-1.2%)
from the metallic charge are lost as fine particles
having a size of approximately 1um, mainly made of
iron oxides. In order to diminish this loss it is
necessary to achieve an intense oxygen blowing
regime being able to assure as greater oxygen jet
speeds as the carbon content in the metallic bath is
higher. The sludge obtained from the LD converter
gasesi purging represents an ore enriched in iron
(approx. 50-55% Fe). The maintaining of a quantity
of liquid slag from the previous charge determines, on
one hand the faster formation of slag and, on the other
hand, helps to obtain poorer emissions of vapors of
Fe, Mn, Si, Mg, Al, Ca, etc at high carbon contents in
the metallic bath. At small carbon contents (less than
the critical one) the oxygen speed at the lance nozzle

exit is the factor whose size influences the emission
of metallic vapors: the greater the speed, the poorer
emission of metallic vapors.
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ABSTRACT

In the manufacture of wood objects, for binding and strengthening were used
nails, cramps and other metallic elements, which in the archaeological site suffered
degradation and deterioration processes, specific to metal-wood interface. The
chemical and physical-structural characteristics of the products resulted from
metal-old wood interactions can set up a database that can be used in
authentication. For the study were taken wood samples from the Roman and

Byzantine era,

from Dobrogea and Moldova areas,

resulted from the

archaeological excavations, after year 2000, which presented in their structure
metallic elements. The samples were analyzed with scanning electron microscope
coupled with energy dispersion X-ray (SEM-EDX).

KEYWORDS: old wood, degradation, deterioration, corrosion, SEM-EDX.

1.Introduction

One knows the fact that the inorganic materials
are much more resistant to exogenous factors as
compared to the organic ones. The latest are attacked
firstly by the microbiological agents which transform
them, by biochemical processes, into humus while the
inorganic materials are attacked by erosion and
corrosion processes, thus passing into a mineral phase
[1-4].

Even from the manufacturing/creation of objects,
in the case of complex structures containing organic
and inorganic materials, these suffer reciprocal
interactions. One also knows that wood, a frequently
used material, both in the structure of engineering
constructions and for the manufacturing of domestic
or art objects, undergoes degradation processes under
the influence of some other nature materials with
which it chemically interacts. Among these materials
we have to mention mortars, concretes and metals.

The wood interaction with metals has been very little
studied [1-6].

That is why, this paper points out some cases
connected to the wood-metal interaction, studied by
direct analysis or with magnifying equipment (optical
and electronical microscopes) as well as by the SEM-
EDX technique.

2. Experimental Part

2.1. Samples

The samples taken for study are pieces of oak-
tree wood fixed in iron nails from a Church floor
(Zamostea, Suceava County, 1832 A.D.), which had
an excessive humidity content and also bronze objects
(Nufarul site, Tulcea County, IX-X™ Century and
Novium Dunum, Tulcea County, XI1"™ Century) with
monolithised wood on them.
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Fig. 1. Oak-tree wood samples with iron nails
(Zamostea Church, Suceava County, 1832 A.D.)

2 o

Fig.2. Bronze plates (Novium Dunum,
Tulcea County) with monolithised wood.

S0 mn
Fig.3. Bronze Coins with monolithised wood
(Nuf&rul site, Tulcea County, IX-X™ Century)

2.2. Optical Microscopy
The samples were optically analyzed with a
Motic Microscope with digital camera, having
magnifying orders of 10 - 40X.

2.3. Scanning Electron Microscopy and

X-ray Spectrometry (SEM-EDX)

The Scanning Electron Microscopy has been
done with a TESCAN Vega Il LSH electron
microscope with a Bruker EDX spectrometer, with
two functions:

-The image analysis with secondary electron
detector (SE): resolution: up to 4.0 nm;

-The element mapping with energy dispersive
X-ray spectrometer (EDX): all elements are
simultaneously displayed and automatically overlaid.

-The present study has been done at an
accelerating power of 30.0 kV, in the field of
magnifying orders of 75-300X, with the distribution
mapping of 6 elements from the surface of the old
wood.

3. Results and Discussions

Fig. 4 presents the section of the wood fi metal
interaction zone, with the analysed longitudinal
section, from which there appears that the part from
the floor oak beam placed in the damp soil of the
treading level has been preserved under the shape of a
lens in a totally rotted beam. The longitudinal section
of the lens along the iron nail shows that, on the
direction of the fibre, the thickness of the preserved
wood is greater than perpendicular on the fibre. The
rotting of the beam and partially of the floor (on the
beam intrados) has been caused by the Merulius
Lacrimans mushroom which has attacked extensively
all the wooden elements from the respective church.

Therefore, we speak about a preservation process
of the wood under the form of a lens due to the
different degree of penetration of the Fe
oxidihydroxides (I1, 111) on the two directions along
the fibre and perpendicular on it. The test proves that
the Fe oxidihydroxides (Il, 1) have had an
antimycotic effect, preserving very well the wood
only in the penetration area.
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i

Fig. 4. Longitudinal section of the wood-metal interaction area: A fi the floor; b i joist

Fig. 5 presents the morphology of the surface from
the contact wood fi metal area in which one can notice
thin traces of iron oxidihydroxides which have
represented the impregnation source.

The nails have been better preserved in this area
due to the inhibitor components from the oak wood
such as, for instance, the tannin, than in the
connection beam fi floor area which has been directly
exposed to the corrosive agents from the soil.

Fig. 5. Images taken with optical microscope of wood with iron traces non-uniformly distributed

Table 1 presents the composition of the alloy
from which the nail has been manufactured (OL37).

Table 1. Composition of the iron nail

Weight Atomic .
Error in
Element percent percent %
[%] [%]

Iron 95.849774 87.917083 2.664899
Carbon 0.353141  1.417842  0.558082
Silicon 0.247112  0.424298  0.059891

Phosphorus ~ 0.186209  0.289913  0.051035

Sulfur 0.124372  0.187042  0.043107

Oxygen 3.239392  9.763822  0.884542
100 100

Fig. 6 presents the SEM microphotography with
the two positions of the vector chosen by the analysis
of the variation of the main components from the
wood fi metal interaction area.

From the EDX spectrum one can point out the
continuous and uniform variation of the penetration
effect of the Fe oxidihydroxide (I, I1l) on the two
directions in the preservation area of the wood.
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Fi. 6. SEM Image with EDX spectra of distribution along a line on the sample from wood with iron

Fig. 7 presents the mapping of the atoms for the  of the components of the wood (C, O) and of the iron
area from the microphotography of Fig. 6 which  corrosion products (Fe, Cl and K).
demonstrates the uniformity of the distribution both

Fig.7. Element maplngnalyzis of Wood-ml iti.
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Table 2. Composition of diffused structure
surface: wood-iron

Table 2 presents the average composition for the
surface of the preserved area of the wood by
impregnation with the Fe oxidihydroxides. One can
notice a very high concentration of the Fe ions (ll,

Weight Atomic Error in " . -
Element percent percent y _ ). In spite (_)f the _fact that |n_the struc_ture we can
[%] [9%] 0 1_‘|nd the chloride anion (the main corrosion agent of
Iron 48.50823 | 215885 | 1.315599 iron an_d _the most active one, a real catalyst) du(_a to
the inhibitor components from the oak wood, the iron
Carbgn 3.876974 8.0227 1.491539 nail has been pretty well preserved. Fig. 8 presents a
Potassium | 2.508171 | 1.594433 | 0.121529 cross-section through the coin from Fig. 3 which
Chlorine | 0.301288 | 0.211222 | 0.046833 preserves well a small wooden area from a box in
Sodium 2.160776 | 2.33605 | 0.238743 which the coins have been once kept, an area which is
Oxygen 42.64456 | 66.24709 | 5.868803 now rotted. This trace of the preserved wood allows
100 100 the archaeologists to establish the method of keeping

A o

ROl

the coins at abandon, the type of the abandon (hiding
and forgetting) and their preservation state.

T O D Dok D

Fig. 8. SEM image of a bronze coin (X" Century) in cross-section: on first line is visible the
Liesegang Effect in a non-disturbed archaeological site; on the second line there are complex

monolith structures with wood

b ; 'HT..I-:..‘M‘J! fivh .'- 5
image of the coin with the analysis areas
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Fig. 10. Composition of anla-a 1(a), 2 (b) and 3 (c)

The data from table 3 confirms the presence of  dendrological elements (micro-fiber, annual rings).
the wood partially carbonized with visible  The wood was conserved by the copper compounds.
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Table 3. Composition of area 1, 2 and 3

Area 1 2 3
Weight . Weight . Weight .

Element percengtl [%] Error in % percen% [%] Error in % percengtl [%] Error in %

Carbon 6.389193 |1.814477 | 12.18501 | 3.529135 | 7.733482 | 1.041857

Oxygen | 35.33253 | 4.72851 | 38.85173 | 9.277283 | 30.78189 | 4.009206

Copper | 29.53714 | 0.570017 | 11.50144 | 0.487489 | 43.06152 | 1.164948

Aluminium| 18.78719 | 0.742615| 26.78328 | 1.655008 | 9.274744 | 0.529978

Calcium || 6.117853 | 0.176049 | 2.901968 | 0.185975 | 3.847487 | 0.154689

Iron 0.689548 | 0.048993 | 1.934821 | 0.149728 | 0.592968 | 0.043224

Silicon 0.864429 | 0.075672 | 2.991724 | 0.267102 | 2.065661 | 0.127574

Chlorine | 0.155296 |0.037845| 0.477909 | 0.080947 | 0.627806 | 0.050521

Sulfur 0.110234 | 0.036185| 0.87741 | 0.11058 | 0.668576 | 0.053926

Phosphorus| 2.016597 |0.108595 | 1.494708 | 0.159937 | 1.345867 | 0.086249
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ABSTRACT

The work aims at emphasizing the structure changes of graphite gray iron, as a
result of make-casting conditions and their effects over behavior in running of
several cast items. Researches consisted of complex characterization of several
gray iron specimens sampled from damaged items comparatively to other suitable
ones. Chemical composition, crack aspect, tensile strength, structure, kind, micro
hardness of structural constituent were analyzed. Laboratory researches made by
optical and electronic microscopy emphasized the showing up of some unsuitable
structures with fragile structural constituents and areas unpurified by exogenous
inclusions as well as degenerated graphite. All of these steady structural changes
had a powerful fragility effect over the material. This fact was confirmed by
mechanical characteristics and analysis of cracking area.

Results corroborating allowed finding the causes of graphite gray iron cast
items damage as a result of a faulty make-casting technological management and

incomplete heating treatment.

KEYWORD: gray iron, nodule graphite, dendrites.

1. Introduction

Graphite gray iron is an alloy of iron with more
than 2.11% carbon used to make, by casting
procedure, a large amount of items subject to wear
and vibrations. This alloy is part of antifriction
category materials. Its structure has to fulfill two
basic running requirements like the favorable sliding
behavior and the wear resistance [9]. Based on this
aspect the antifriction materials have heterogeneous
structure made of two or more constituents with
different properties. Basic structure fi the matrix has
to have a fine granulation and phases uniformly
spread in order to provide the hardness and resistance
suitable for the running conditions. Graphite gray iron
matrix may be made of ferrite (constituent with high
plasticity), pearlite (constituent with low hardness and
high breaking resistance) or ferrite and pearlite where
the graphite formations are dispersed. [2].

Graphite is the phase with lubricating action and
vibration damping capacity that provides the
favorable behavior in running. It is the structural
constituent with low density, very ductile that flows
plastically and makes a cover that covers the harder
phases from the matrix over the contact surface.

Therefore it is avoided the breaking and pulling
away of hard grains from cavities which are able to
act like abrasive particles, [5]. Graphite separations
shape differs depending on the kind of wear and
demand: vermicular, lamellar, rosette or nodular.
Dimensions, shape and distribution of graphite
separations have an important influence over the
mechanic characteristics of gray irons as well as the
behavior in running, [3].

Acting over the chemical composition, casting
parameters and heating treatment result in getting the
aimed characteristics. A categorical bill has the
graphitizing elements like silica and magnesium that
allow the alloy to solidify after the steady iron-
graphite system. Kinds of wear where the graphite
gray iron may be preponderantly involved are: the
abrasive wear (bill crushers, rollers, grinding disks,
crusher jaws); braking slide wear (with or without
lubrication) characteristic for brake blocks, clutches,
wheels on rails; rolling slide wear in case of traveling
parts in engineering and passenger cars [8].

The items that are the subject of this research are
isupporting arms of car wheelsT cast in gray iron with
nodular graphite. Such item is subject to brake sliding
wear and powerful vibrations. Ferrite - pearlite gray
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iron with nodular graphite is suitable for this kind of
loads: the matrix made of ferrite and pearlite
dispersed in max. 15% lamellar shape, [8] provides
the structural stability, good heating conductibility,
good friction properties and average wear resistance
taking into consideration the parts replacing
requirement [8]. Nodular graphite with average
compactness, uniformly spread, has a very good
capacity in vibrations absorption.

2. Laboratory Experiments

Based on the theoretical considerations submitted,
the herewith work intends to investigate three nodular
graphite gray irons, apparently identical, but which
stated a different behavior of cast items (fig. 1). From
those specimens code 1, 2 and 3 tension specimens
and metallography micro sections sampled. In case of
damaged items code 2 and 3 the specimens were
sampled from the cracking areas.

T3

In order to find out the damage causes the following

tests are performed: chemical and metallographical
analysis, tensile test, cracking characterization,
chemical composition over micro-areas by X rays as
well as micro-hardness measurements on the
structural constituents [1, 4, 6, 7].

Chemical composition analysis made by the DV-6
spectrometer with atomic emission (table 1) frames
the materials in graphite gray nodular iron category.

Relatively large differences were found between
contents of C and Si, the graphitizing element, as it
follows: amount close to the bottom line of Si in case
of sample code 1, a little bit over the upper limit of
carbon of code 2 and over the upper limit of silica, in
case of sample code 3. Tensile test performed as per
SR EN 10.002/1/2002, in order to find out
mechanical characteristics (table 2) emphasized the
following observations: code 1 recorded high
amounts of yield limit and crack resistance and a
suitable elongation amount, fact confirmed by the
small amount of Si and graphite as well; code 2
recorded an extremely high crack resistance
(confirmed by the large content of C), yielding to
permissible limit and a very low elongation. Against
the high content of Si that had to provide a large
quantity of graphite, therefore a high plasticity, code
3 acted very fragilly. Cracking section of probe code
3 (fig. 2) showed compactness defaults over more
than 30% of surface.

— r " }_r:-.'-, 'l:- S .

Table 1. Chemical composition

Sample Chemical composition, [%]
code C Mn Si S P
1 3.13 0.31 2.14 0.016 0.019
2 3.78 0.18 2.24 0.016 0.044
3 3.34 0.20 2.80 0.016 0.050
Nodular
graphite 3.1A3.7 0.15f0.30 2.0A2.7 Max. 0.02 Max. 0.12
iron 450
Table 2. Mechanical characteristics
Sample code Average amounts found
Ry [N/mm?] Rpo2 [N/mm°] As [%]
1 506 433 11.6
2 556 311 4.9
3 496 290 7
SR EN 1563-1999 for type EN- Min. 450 Min. 310 Min. 10
GJS-450-10
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Metallographical analysis was performed by
OLYMPUS optic microscope with automatic data
acquisition as per SR EN 1SO 945/2002.

Specimen microstructures analyzed (x100) sizes,
are given in figures 3-a, b, c.

Specimen code 1 with suitable mechanical
characteristics has an appropriate structure: matrix
made by polyhedral grains, fine of ferrite and pearlite
10% percentage, dispersed like isles; nodular graphite
with regular geometric shape, Gf6 standard scale,
with variable diameter up to 25 pym, GNd1 scale and
between 40-60 um, GNd3 scale.

In case of specimens code 2 and 3 metallographical
analysis emphasized several negative aspects concerning
material cleanness and structure.

Specimen code 2 shows a brittle structure made
of: ferrite-pearlite basic mass sintered by inter-
dendrite area overlapped in exogenous inclusions,
secondary cementite shows up dispersed (very hard
constituent) in acicular shape and graphite is
completely nodulized. On the specimen sampled
from the damaged area of item code 2, several micro-
crakes were found around which there are the
exogenous inclusions crowds resulted from slag
(fig.4).

Sample code 3 (fig. 3c) has per assembly a suitable
structure (ferrite with fine polyhedral grains and 10%
pearlite, nodular graphite with regular geometric shape,
Gf6 standard of reference, with variable diameter over
the part thickness between 25-40pm to GNd2 scale and
40-60 pum to GNd3 scale where isle area with
contaminants (oxides and slag) show up.

For example (fig. 5) the macrostructure analysis
of one sample from the damaged area was shown. In
the thickness average of sample code 3, a powerful
unpurified area, which caused the material fragilizing
(fact confirmed by values of yelling and elongation
limits) was found and constituted prime propagation
of crakes during erection.

Results of mechanical characteristics and
metallographical analysis were fulfilled by electronic
microscope  analysis and  micro  hardness
measurements that confirmed the submitted data.

By ESEM-XL 30- PHILIPS electronic
microscope the cracks of samples code 1, 2, 3,
(figures 6-a, b, ¢) were analyzed and by X ray the
chemical composition on the micro-areas with ferrite,
graphite and impurities were found out.

In specimen code 1, cracking was ductile with a dark
colored crack and inter-crystalline cleavage. Specific
aspects of this crack may be seen (fig. 6a): curve lines and
ferrite inter-crystalline detachment crests, as well as the
black color bowls generated by graphite.

Specimen code 2 (fig. 6b) had a fragile cracking
with a light color crack, silver and trans-crystalline
cleavage. On the dendrites may be seen the material
pulling out stages.

In case of specimen code 3 cracking has a mixed
ductile-fragile character. In the inclusions area it was
found out that dendrite arrangement in layers as well
as evulsions generated by fragile inclusions framed
by bowl type crests, was made by ferrite inter-
crystalline detaching.

Fig. 5. Specimen code 3- 2% macro Nittal attack.
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Fig.6. Iron cracking surfaces micrographically investigated. (x200)
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Fig.7. EDX spectrum- Specimen code 2.
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Fig.9. EDX spectrum- Specimen code 3, area 2.

In figures 7, 8, 9, 10 are shown the EDX specters of
chemical elements in inter-dendrite areas oversaturated by
impurities, for specimens code 2 and code 3.

Local distribution of chemical elements emphasizes
several oxides and silicates present into the unpurified
inter-dendrite areas of specimen code 2 and code 3(fig.
7, 8, 9). It is noticed that crowds of oxides and
exogenous inclusions (silicates) caused several lacks of
composition  (confirmed by the presence of
antigrafitizant element Mn) that led to interrupting the

i@ e i

FEn

Fig.8. EDX spectrum- Specimen code 3, area 1
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Fig.10. EDX spectrum- Specimen code 3, area 3.

grafitizing process over those areas (fig. 10).

Micro hardness values given by CV-400DAT2
micro-hardness testing machine may be found in
table 3. They confirmed the existence and the nature
of constituents identified in structure: plastic phase
ferrite, harder phase pearlite, very smooth constituent
graphite, cementite-FesC very hard inter-metallic
compound and areas with oxides, silicates and Mn
which have variable hardness depending on local
distribution of impurities.

Table 3. Micro hardness values

Average values of micro hardness [HV] recorded on each structural constituent;
Sample . )
code 50gf pressing force; 25 sec.
Ferrite Pearlite | Graphite | Cementite Zone with impurities
1 224 425 71 - -
2 245 495 79 726 187
3 226 395 65 - 182%; 2997 ; 495°;

Note: Exponents 1, 2, 3, are suitable for the areas where the local chemical composition was determined.
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3. Conclusions

Structural modifications recorded in gray irons
analyzed (cast dendrites, acicular cementite,
incompletely nodulized graphite, oxides and
exogenous impurities overcrowded areas) generated
an extremely fragile behavior of materials code 2 and
3, fact confirmed by the mechanical characteristics
values.

According to the results, the mechanical
characteristics and behavior in running of nodular
graphite gray iron are more powerful influenced by
technological make-casting management and heating
treatment than the chemical composition of the
material.

At the same chemical composition, the crowds of
oxides and exogenous inclusions (silicates) caused
structural inhomogeneities and the showing up of
composition gaps (confirmed by the antigrafitizant
element Mn presence) that get to interrupt the
grafitizing process over those areas.

The submitted issues are the consequence of legal
nonconformities connected to the conditions and
technological parameters applied:

- bubbling and unsuitable protection of metallic
bath during elaboration, as well as the incompletely
slag exhausting, explain the oxides and exogenous
existence in the iron;

- the too large speed when parts solidifying in
mold allowed the secondary cementite precipitating;

- Insufficient treatment holding temperature and
time led to the cast dendrite structure keeping.

Unsuitable structures and mechanical
characteristics found in nodular graphite gray iron
codes 2 and 3, resulted because of the deficient
technological make-casting management, neglected
and incomplete heating treatment. They caused the
items cracking even during assembly.
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