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1. Introduction

BN-AICrNi material deposited by atmospheric
plasma spraying process is used as a gasket. In contact
with the turbine blades, it tears off easily protecting them
against wear. During this friction, two phenomena may
occur. The first one is the blade wear; the second one is the
material transfer of the layer towards the blade tip. Neither
one nor the other is desirable during the working. They
must be avoided and moved up because they cause a mal-
function and power loss of the machine. The transfer of the
BN-AICrNi on the blade tip shapes an unbalance. With the
very high rotation speed of the wheel, the unbalance causes
major vibrations that reach the threshold of the alarm and
stopping of the machine. Unlike, the wear of the blades
causes a running clearance between the impeller and the
seal causing leak of flue gases; there are losses of energy,
drop in efficiency and effectiveness and great fuel con-
sumption. One alternative to avoid these troubles is to sim-
ulate what happens on a gas turbine during the friction by
using an abradability test bench (Fig. 1).

Fig. 1 An abradability test bench

Three important parameters may be considered,
witch all affect surface of the sprayed layer, the material
texture and grains sense. These are linear speed of wheel
rotation, the velocity of blade incursion into the layer of
material and incursion depth of the blade in the coating.
These last parameters act directly on the friction [1] and
the wear blade, tearing and displacement of the material,
surface texture and obtained roughness. By changing these
3 parameters, we adjust our experiments in order to com-
plete the set of unconventional experiments design.
Analysis of the experimental results allows us to have a

clear view of the action of each parameter on the wear of
the material and texture of its surface by obtaining 2D and
3D graphs. They give us detailed information on the
occurred phenomena during contact between the blades
and material.

2. Measurement of roughness by laser interferometer

The laser interferometer used (Fig.2) allows
measurement at the surface roughness without contact.
This avoids the roughness modification caused by alterca-
tion.

Fig. 2 The laser interferometer

With this measuring device, we obtain the values
of three parameters characterising roughness and surface
topography by double sweeps in width and length of the
surface. The software allows us to trace the profile and
texture of the surface in 3 dimensions. The theory on
which bases the 3D roughness is similar to 2D theory; the
difference resides in the double measures; we begin to
sweep by displacement of the laser beam, the length then
the width of the surface. The formulas of roughness pa-
rameters are expressed by the double sums terms [2-4].

2.1. Parameter definition of roughness in 3 dimensions

S, is arithmetic average of deviations from the av-
erage value (equivalent to the R, in 2 dimensions). It char-
acterizes roughness of the surface, if this value is impor-
tant, the ridge of the roughness is important.
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where Zy vy is the difference between the height of the point
of coordinates (X, ¥) and the average plan; Ny is number of
sampled points in the direction X; Ny is number of sampled
points in the direction Y.

The absolute value of Z,, in Eq. (1) shows some
points may have a negative value (in valleys).

2.2. Fabrication of coatings and topography measurement

Sixteen samples of BN-AICrNi coating are de-
signed by the same spraying parameters in our study [5].
We use the operating conditions of atmospheric plasma
spraying: Argon flow is 45 SPLM, Hydrogen flow is
5 SPLM, electrode voltage is 55V, current intensity is
550 A, plasma power is 40 kW, spraying distance is
120 mm and flow powder is 40 g/min. During spraying,
the powder in the form of molten droplets is plated on the
sample forming the successive layers. Before the second
layer is sprayed, the first is cooled by a flow of fresh air
directed to the coating. The obtained coating must present
a consensus between the low surface hardness and the
good resistance to erosion, so that the coating should not
be torn off easily by tiny bodies, and must be relatively
tender for not causing significant blades wear [6-8]. On
these samples, we carry out the abradability tests by chang-
ing 3 working parameters. These are the incursion velocity
in microns by second, the incursion depth in microns and
linear speed of the wheel at constant temperature of 500°C.
In order to carry out behaviour tests on protective porous
material to deduce their behaviour with the various factors,
one uses machine which reproduce the turbine working.
This equipment must be able to simulate thermal expan-
sion of the turbine parts, the velocity of the parts dilation
and rotation of the rotor blades [9, 10]. We use manufac-
turing tool machine with numerical control. It comprises a
wheel on which the blades (Al: 6.75%; V: 4.50%) are fixed
and turns at the desired speed. The rotor movement is
given by an asynchronous electric motor. It enables us to
obtain linear speed (V)in) between the blades and the pro-
tective porous seal. Thermal stator dilatation and expan-
sion of the rotor blades are given by an electrical stepper
motor. With this stepper motor, we can adjust the incursion
velocity (Vine) within the protective porous coating and the
incursion depth (Dj,c) inside the spraying material. These
parameters are put up directly on board and displayed on
the working tool machine. The test rig is equipped with a
thermometer; it measures temperature of the coating and
the cutting sensor measures the tangential wrenching stress
of the coating particles caused by blades friction on the
material. To regulate the temperature, we use an oxyacety-
lene blowpipe flame directed to the seal material. We note
that this kind of material is used on the turbines to replace
air-tight plates. When this material is deposited and
scraped by blades, it creates an optimum gap between the
blades and the coating that does not allow the passage of
combustion gas. It is characterised by the properties al-
ready obtained in previous studies [11-13]. Concerning the
parameters of the coating roughness, the results are given
directly by the software of the machine; the graduated ruler
(Table 1).

As the method of experimental designs [14-17],
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Table 1
Parameters of coating roughness
Incursion Linear speed, Incursion Sa,
o velocity, m/s depth, pm
N
pum/s um

xp (X2) (X3) (V)]

1 760 153 289 61.5
2 25 305 543 93.4
3 138 305 1478 25.4
4 760 153 822 41.9
5 138 305 1330 34.1
6 760 153 970 37.8
7 25 305 1000 40.9
8 760 153 594 483
9 500 250 379 115.4
10 100 397 525 37.2
11 10 397 475 343
12 100 397 525 373

13 10 397 525 26

requires codification of the factors levels, one takes the
maximum value coded “+1”, and the minimal value coded
“-1”. The intermediate values must be between -1 and +1,
i.e. the factor must be in the interval [-1, +1]. As all factors
take several levels, and are expressed in different units, it
is necessary to carry out standardisation; we obtain the
coded value valid for all factors values with the following

relation
ui _(umini +umaxi J
=
[umaxi

2
~ Unini
2

X
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where Upin is the lower level limit of factor; Umay is the up-
per level limit of factor; u; is the value on which one car-
ries out coding value and X; represent the coded value of
factor.

3. Modelling by designs of experiments

The mathematical analysis consists in estimating
of the response by the method of least squares. The poly-
nomial is second degree form. We want to decrease the
number of coefficients because the higher degree engen-
ders the more complex polynomial without precision. The
squared terms are generally enough to show the surface
curves. The general form of the polynomial function is
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The developed form of the expression with 9
terms obtained with 3 parameters is

“4)



The coefficients are found by the following ex-
pression

For S,, the values of coefficients are given in Ta-
ble 2. We choose S, in this study, because it is the more
important parameter between others.

Coefficients = ("XX)' ("X)(Y) (5)
Table 2
Coefficients value of Eq. (4)
Ao a A a3 ap as a3 ay Ay as3
95.9063 11.0161 -15.1978 -24.284 17.3788 23.6772 14.3335 -7.97384 | -25.7226 | 2.77683

Now, the Eq. (4) is

Yy =95.9063+11.0161x, —15.1978X%, —24.2840X, +
+17.3788X,X, +23.6772X X, +14.3335X,X; —

~7.97384x’ —25.7226X; +2.77683%; (6)

The coefficient of quality R is a measure of fit-
ness. A large R? is a necessary condition for a good model,
but it is not sufficient. We can have poor models (models
that cannot predict) with a large R”. This is particularly true
when we have few degrees of freedom for the residuals.
We will get a poor R* when we have poor reproducibility
(poor control over the experimental error) or poor model
validity (the model is incorrect). The predictive quality
designed by Q” tells us how well the model predicts new
data. A useful model should have a large Q. We get a poor
Q* when we have poor reproducibility (poor control over
the experimental error) or/and poor Model validity (the
model is incorrect). When we have a good R?, moderate
model validity, and a design with many degrees of freedom
of the residuals, then a poor Q” is usually due to insignifi-
cant terms in the model. In our model R* and Q* of poly-
nomial are close to 1, and then we have a good model

(Fig. 3).

12

0,998 0,994

1

0,8
0,6
04

0,2

0

R Q? Validity ~ Reproducibility

Fig. 3 Parameters bars of model

When the model validity bar is larger than 0.25,
there is no lack of fitness of the model (the model error is
in the same range as the pure error). A model validity bar
of 1 represents a perfect model. When the model validity is
less than 0.25, the model error is significantly larger than
the pure error (reproducibility). When the reproducibility
bar is 1.0, the error is 0. This means that under the same
conditions the response values are identical. When the re-
producibility bar is 0, the pure error equals the total varia-
tion of the response. If we have reproducibility above 0.8,
the replicated experiments have been performed at differ-
ent time points and that each time the experimental setup is

started from scratch. If the reproducibility is below 0.5, we
have a large pure error, poor control of the experimental
set up (the noise level is high), and we cannot assess the
validity of the model. These results in low R* and Q*we
should improve the reproducibility.

4. Interpretation of experiments results and discussion

Fig. 3 shows that everything we have said is veri-
fied; it proves that the model is correct and acceptable for
S,. In addition to the 4 parameters mentioned above which
show that the model is good, we notice in Fig. 4 that there
are no large deviations between measured values and pre-
dicted values of model (Eq. (6)).
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Fig. 4 Deviations between observed and predicted values

The points are close to the line of 45°. The small
value of difference is in experiment number 3, it is equal to
0.2066 and the great value is -2.6407 at experiment 13.
Following the blade movement, we see different textures
that define surfaces in which the grains are oriented differ-
ently (Fig. 5). In Fig. 5, the striations are parallel to the
movement of blades and form on the surface of the coating
an obstacle which prevents the combustion gases which
run perpendicular to the grooves.

This gas escapes between the blade and the coat-
ing. In this first case, when the blade rubs on the coating,
the surface is machined and there is no tearing of the BN-
AICtNi by blades. They are generally obtained when the
incursion depth of the blade in the coating is low and the
incursion velocity is high (experiment 1: S;=61.5 pm and
experiment 9: S;= 1154 um). In Fig. 6, the striations are
orthogonal to the blades movement, thus they form pas-
sages headed in the direction of gas movement. They flow
easily; it is in this case the loss of efficiency and effective-
ness because these gases do not participate in the power
production of the turbine.

When the incursion depth is great and the incur-
sion velocity is small, there is coating tearing and forma-
tion of orthogonal striations (experiment 3: S, = 25.4 um,
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Fig. 7 Presence of holes

experiment 5: Sy=34.1 um, experiment 7: S;=40.9 um).
At the same time, this tearing of the coating causes dis-
placement of the material towards top of the blade; there is
no blade wear but its length increases. The respective val-
ues of the length increase are w=-178 um, w=-30 pum,
w =0 pm (The minus sign indicates the elongation of the
blade by coating displacement; the plus sign indicates the
blade wear in Table 1). The displacement phenomenon of
the coating causes unbalance on the rotor of the turbine, it

creates vibrations. The last type of surface texture is shown
in Fig. 7.

We note here that there is appearance of holes on
the surface, because here too, there is grubbing of metal.
This provides a seal in the form of cells of honeycomb.
This type of joint provides a good seal; the gas combustion
is slowed down during this movement. The 3 types of sur-
faces depend also on the reached temperature on the coat-
ing surface during the friction with the blade during incur-
sion and rotation of the turbine wheel. The studies of sev-
eral authors have shown that the temperature can reach
1170 K on the coating surface [18]. By analysing Eq. (6),
one can easily see that the most important factor which
affects the response y, i.e. on the value of arithmetic aver-
age of deviations S, is the polynomial coefficient -
24.2640; it decreases the response y. Taking into account
the interaction between the parameters (Incursion velocity
designated by X; in model (Eq. (6)), linear speed desig-
nated by X, and incursion depth designated by X;), we
found that the polynomial coefficient +23.6772 acts con-
siderably compared to others, i.e. the interaction between
incursion velocity and incursion depth increases the value
of S,. Fig. 8 shows what is the effect who acts positively or
negatively on the value S,.

In Fig. 8, the effect are sorted from the largest to
the smallest; it shows the effect of each parameter or their
interaction on the responsey. We see now how each pa-
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Fig. 8 Parameters effects of S,
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Fig. 9 Parameters action on S, with low parameter (Vi =
=2.5 pm/s)

rameter acts on the roughness i.e. S, value. The 3 series of

graphs in Figs. 9-17 describe the effect of the incursion

velocity X, the linear speed X, and the incursion depth x;

on S, by varying one of them and leaving the 2 other with-
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out variation. For this, we have chosen 3 constant values of
these parameters; the minimum value, the centre value and
the maximum value. We note that for the 3 low values
(Vine= 2.5 um/s, Vjin= 153 m/s, Djpc= 289 pm).

Sa (um)

1601

80T

o+
200 300 400
Linear speed (m/s)

Fig. 10 Parameters action on S, with low parameter

(Vlin:153 m/s)
Sa (um)
160 T
80T
o+
400 800 1200
Incursion Depth (um)
Fig. 11 Parameters action on S, with low parameter (Dj,. =
=289 um)
Sa (um)
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90T
60T
o 200 400 600
Incursion Velocity (um/s)

Fig. 12 Parameters action on S, with centre parameter
(Vine=381.25 pm/s)

The increased 3 parameters reduce surface rough-
ness of the coating since one reach 60.9 um for Vi, of
760 pm/s (Fig. 9), 50.5 um for V), of 397 m/s (Fig. 10) and
-43.3 um for Djpc of 1478 um (Fig. 11). For the centre val-
ues (Vine=381.25 pm/s; Vjjn=275 m/s; Dijyc= 883.5 pm),
the behaviour differs because when Vi, increases, the
roughness increases up to 99 pm (Fig. 12).

The curve number 13 is composed of 3 phases;
An ascending phase (increasing), a peak and a descending
phase (decreasing). When Vj;, increases, the roughness
reaches a peak of 91 um for V), =271 m/s and comes
down until the value of 51.3 um (Fig. 13).

Sa (M)
1201
90T
60T
200 300 400

Linear Speed (m/s)

Fig. 13 Parameters action on S, with centre parameter
(Vlin =275 m/s)

On the order hand, when Dj,. takes its maximum
value of 1478 um, the roughness S, decreases to 68.5 um
(Fig. 14).

In the case of high values of 3 parameters (Vinc=
=760 pum/s, Vii,= 397 m/s, Dijpc= 1478 um), one remarks
with their increase, the value of S, increases too. It reaches
the same value in 3 cases of 132 um (Fig. 15) for Vj,.=
=760 um/s.

We remark again the value of 132 um of S, for
Viin=397 m/s (Fig. 16) and for Dj,.= 1478 um (Fig. 17).

We study also the interactions between the pa-
rameters (Fig. 8). We represent 2 parameters on 2 different
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Fig. 14 Parameters action on S, with centre parameter
(Dinc= 883.5um)
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Fig. 15 Parameters action on S, with high parameters
(Vine = 760 pum/s)
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Fig. 16 Parameters action on S, with high parameters
(Viin=397 m/s)
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Fig. 17 Parameters action on S, with high parameters
(Dine = 1478 pm)

axis keeping the third (Dj,c) constant. On the third axis the
response S, is represented. The analysis of 3 cases (from
Fig. 18 until Fig. 23) of responses surfaces and contours,
gives us the following comments: we note that the area
where the roughness is large (between 140 and 180 um) is
available for low values of Vi, and Vji; (Vine= 0 pm/s until
200 pm/s; Viip=150 m/s until 275 m/s) when Dj,=
=289 um (Figs. 18 and 19).

Fig. 18 The response surface of S, with Dj,c =289 um

In Figs. 20 and 21, we see that the simultaneous
increase of the incursion velocity from 0 until 750 pm/s
and linear speed from 150 until 400 m/s increases the S,.
A great value is obtained when Vi, reaches 650 pm/s and
Viin varies between 275 and 340 m/s; the value of S, ex-
ceeds 100 pum.
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Fig. 19 The contour of S, with Dj,. = 289 pm
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Fig. 20 The response surface of S, with Dj,c= 883.5 pm
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Fig. 21 The contour of S; with Dj,c= 883.5 um

The lowest roughness S, (0 um) is obtained when
Dinc = 1478 pum, between Vi, = 0 pm/s and Vi, = 325 pm/s
with V), situated between 150 and 400 m/s (Figs. 22 and
23). Broadly speaking, the simultaneous increase of Vin.
and V)i, decreases the roughness when the Dj,. is low
(289 um); but when Dj,. is centre (883.5 um) or high
(1478 pum), this leads the increase of S,.

To observe the action of 3 parameters at the same
time, it is necessary to refer to equation 6 in which all pa-
rameters and all interactions between them are considered.
If we want to have the value of Sy(y) equal to zero, we pre-
define for example 2 parameters and then we obtain the
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Fig. 23 The contour of S, with Dj,c= 1478 pm

value of the third parameter from the Eq. 6. This equation
can provide several solutions to the zero response because
the 3 parameters are interdependent. Of course, this is valid
for any value of y.

5. Conclusions

The broad study of BN-AICrNi finding operating
parameters that limit the blade wear, generate surface
roughness of the coating close to zero, create a surface
texture of good orientation of cooled splats and grains fa-
cilitating the flow of exhaust gases, prevent the material
transfer from the coating towards tips of the blades, is rela-
tively difficult. This is due to complexity of the phenom-
ena that occur; they are often dependent. There are cases
where a parameter improves roughness but creates unba-
lance of the rotor, where the texture is favourable to gas
flow but produces a bad surface texture which does not
favour the creation of the joint between the blade and coat-
ing. We must also take into account the temperature
reached during the friction and the generated stress, ex-
ceeding of the limits cause damages. But often there are
cases where there is a consensus that includes the parame-
ters close to the ideal parameters that give satisfaction and
limit the harmful phenomenon. This material on which the
experiments were conducted in the laboratory is still not
used on real turbines because the real test must be done, as
the action of moisture on his grip, the effect of resonance
sound, the material ageing and many other experiments.
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A. Djeffal, M. Bounazef, E. A. Adda bedia

LAZERINIO INTERFEROMETRO PANAUDOIJIMAS
MENCIU DANGOS MEDZIAGOS STRUKTURAI IR
ISSIDEVEJIMUI TIRTI

Reziumé

Iki Siol atlikti darbai parodé, kaip kai kurie para-
metrai veikia turbiny menéiy dangos medziaga. Si medzia-
ga gali pakeisti hermetinius labirintus, kurie jtaisomi roto-
riaus ir turbinos vidiniame korpuse. Danga termiskai uz-
purskiama (Atmospheric Plasma Sprayning) ant vidinio
turbinos pavirSiaus. Ji naudojama menciy apsaugai, nes yra
lengvai pasalinama ir neleidzia intensyviai dilti menciy
virsiinéms. Siame darbe parodyta, kas atsitinka, kai $ios
medziagos pavirsiy veikia darbo parametrai, kokia yra jos
struktiira ir ypac kokie yra Siurk$tumo parametrai, nuo ku-
riy priklauso menéiy dilimas. Pateikti modeliavimo rezul-
tatai, gauti taikant eksperimenty planavimo metoda, deta-
liai interpretuojami paveikslais ir kreivémis.
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THE USE OF LASER INTERFEROMETER TO STUDY
THE TEXTURE AND WEAR OF A PRESERVED
BLADES MATERIAL

Summary

The works carried out until now have shown how
certain parameters act on the wear of turbine blades when
they touch the protective seal material. This material is
used to replace the air-tight labyrinths installed on the rotor
and on the turbine internal casing. It is obtained by the
process of thermal spraying (Atmospheric Plasma Spray-
ing) and it is projected and deposed on the internal turbine
envelop. It is used to protect the blades when it tore very
easily without causing intense wear of the blades tip. In
this work we showed how the surface of this material be-
come in terms of operating parameters, what is its texture,
and especially what are the different values of roughness
parameters by linking it to the blades wear. The results
obtaining by modelling using the method of experiments
design are shown in the results part with detailed interpre-
tations of the obtained graphs and curves.
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