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Abstract

Metal materials used in industrial applications deteriorate under the effect mechanical and chemical phenomena
occurring under operating conditions, such as pipes carrying gas or fluid that are subject to internal wall wear. From
where an experimental study was conducted through friction tests on supermartensitic stainless steel Cr13Ni5Mo2, in
order to estimate the effect of test parameters on friction coefficient and wear behavior of this steel by adopting the
factorial plans 22 methodology at two factors (Load "P" and linear sliding "V"), each at two levels (-1, +1). The
results have been demonstrated using a mathematical model predicting the coefficient of friction "f" in every point of
the study field. The factorial plans make it possible to establish a modeling of the studied phenomenon with a
maximum of efficiency and a minimum of experiences. The experimental results showed that the friction coefficient
"f" reaches a max value for an applied load P=10N combined with a linear speed V=5cm/s. In addition, the wear
morphology of surfaces after the friction test indicates that for 2N and at all speeds, friction is dominated by an
abrasive wear mechanism. However, for 10N, it is observed the predominance of adhesive wear with a higher wear
rate.

Keywords:
Friction, Factorial Design, Mathematical Model, Wear Mechanism.

1. Introduction

The concept of supermartensitic stainless steels (SMSS) was introduced in the late 1950s. Since the early 1990s, the
petroleum industry has been promoting the development of corrosion and wear-resistant alloys for pipeline
applications [Zepon and al. (2013)]. Low carbon martensitic stainless steel called super martensitic stainless steel
(SMSS) has a unique combination of good mechanical properties, corrosion resistance and low production cost,
improved weldability and ease of heat treatment, have promoted their uses in the manufacture of tubular products
for oil wells, including special seamless tubes for drilling, tubes for oil and gas wells [Anselmo and al. (2006)]-[Da-
kun and al. (2014)]. Recently, a number of new martensitic grades called "Super 13Cr", SMSS has been developed
and specially applied to pipes in wells at treatment plants, carrying untreated fluid (crude oil or gas) at very high
pressure and temperature [Singh and al. (2013)], [Ma and al. (2012)], [Zou and al. (2014)], [Ma and al. (2011)].
However, in the case of strict tribological requirements, their low hardness and poor wear resistance limit their
industrial applications where resistance to wear and corrosion is often required [Dalmau and al. (2014)]-[Xi and al.
(2008)]. In general, metallic materials used in industrial applications deteriorate under the effect of mechanical
and/or chemical phenomena occurring in their operating conditions [Dalmau and al. (2014)]. During the transport of
the gas or fluid, the pipes undergo internal wear of the walls. This work fits into this context and aims to estimate the
coefficient of friction and to evaluate the wear resistance of a supermartensitic stainless steel Cr13Ni5Mo2. The
objective of this work is to present the type 2factor design methodology in order to predict the coefficient friction
(f) by means of a mathematical model, which makes it possible to estimate the variation of (f) according to the
parameters of friction tests (P, V).
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2. Materials and Methods
2.1. Equipment

The material used is supermartensitic stainless steel Crl13Ni5Mo2 obtained from a pipe used in the oil industry. The
chemical analysis according to ISO 13680 given in Table 1 is carried out in the chemistry laboratory of the URASM
research unit.

Table 1. Chemical composition of 13Cr5Ni2Mo steel

Element C S Mo Ni Mn Cr \V Si P Ti Nb

% mass 0.012 <0.001 1734 4.963 0.448 12374 0.042 0.210 0.013 0.089 0.003

2.2. Experimental Methodology

The tests were conducted according to the factorial designs 22 (Figure 1), the latter are composed of two factors at
two levels (-1, +1) Table 2. The mathematical model used is a polynomial model of the first degree with the
interactions presented in equation (1) [Jacques Goupy (1999)].

Y =a0 +a:X; +a.Xo +a.X:Xo (1)
ap: constant coefficient of model;

ap. coefficient of factor 1;
ay: coefficient of factor2;

az2: coefficient of term X1X2;
Y': Response.

Table 2. Coded factors for tribological test

Factors coded Input parameters levels
-1 +1
X1 P (N) 2 10
X2 V (cm/s) 2 5
H24
+1 0 Q-
Study Field
4 td 2
+ X1

Figure 1. The experimentation principle

2.3. Sample Preparation

Based on experimental design 22, four samples were prepared for the friction test; the preparation includes cutting and
mechanical polishing. After the samples were cleaned in an ultrasonic bath for 15 minutes with ethanol and rinsed
with distilled water. All tribological tests were conducted at the National Height School of Mines and Metallurgy,
Annaba using a typical tribometer ball/pin-on-disk, CSM Instrument according to ASTM G99-95. The friction tests
were carried out at room temperature, in air and the static partner is the ball 100C6, with the course distance of
100m.
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2.4. Realization of Tribological Test

The friction coefficient was recorded automatically during the test using the Tribox 4.49 data acquisition software.
These friction tests were conducted according to the factorial planning model 22 using the combinations shown in
Table 3.

Table 3. Matrix of experiences and results

Test N° applied load (N) Linear Speed Coefficient of friction

(cm/s) ()
1 2 2 0,420
2 10 2 0,499
3 2 5 0,534
4 10 5 0,675

The wear equation (2) proposed by Archard [Archard (1961)] was used to calculate the wear rate. The values of the
wear rates calculated after the friction wear tests for the different tests are summarized in Table 4.

W=V =+PL @)

Where

-V (mm?®) is the wear volume,

- P (N) the applied load,

- L (M) the total distance traveled.

The wear volume was estimated by measuring the surface profile of the wear track using a Cyber Technology
CT100 laser source profilometer. The morphology of the worn surfaces, as well as the wear mechanisms were
revealed by ZEISS-EVO / MA25 scanning electron microscopy.

Table 4. Wear rate for different tests

Test N° Wear rate (mm3.N1.m). 10°
Essai 1 3.84
Essai 2 5.53
Essai 3 5.44
Essai 4 8.77

2.5. Mathematical Model

The experimental results of wear tests have resulted in a relation between the studied response (Y) and the input
parameters which are the applied load "P" and the linear velocity "V", thus enabling, to predict the friction
coefficient "f" () in the proposed study field. The mathematical model obtained is illustrated by equation (3) where
the load P (X1) and the linear velocity V (X2) are coded in reduced centered values.

f=0.533 + 0.055X; + 0.073X; + 0.015 X; X, 3)
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3. Interpretation of Experimental Results
3.1. Effect of Friction Conditions (Load and Speed) on the Coefficient Friction "'f**

The effect of the friction parameters (load and speed) on the friction coefficient "f* can be evaluated by the
isoréponses curves shown in Figure 2. It can be seen from Figure 2a that when the normal load increases, the
coefficient of friction reaches the max value, at the same time as the linear velocity is at its highest level. In this
case, the COF value reaches 0.675. This is explained by the fact that the increase in the load causes an increase in
the pressure at the contact surface. Secondly, the high charge causes destruction of the protective oxide film formed
on the surface of the samples as a result of the rise in temperature induced by friction. Increasing the speed generates
a significant amount of wear debris as a result of wear and plastic deformation of the surface asperities, resulting in an
increase in the friction coefficient. On the other hand, the interaction of the parameters P (X1) and V (X2) is
remarkable (Figure 2b). Thus, considering the low level of these factors (2N, 2cm.s-1), the COF decreases to a value
of 0.42 and reaches the value of 0.675 if the values of X1 and X2 are taken at the high level (10N, 5cm.s-1).
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Figure 2. Effect of load (X1) and velocities (X2) on the coefficient of friction "f" in the field of study

3.2. Tribological Behavior
3.2.1. Evolution of Coefficient Friction

Figure 3 shows the evolution of the coefficient friction (COF) of stainless steel SMSS Cr13Ni5Mo2 as a function of
the sliding distance at different loads and speeds against the ball 100C6. The COF curves for all the samples studied
show a similar overall shape determined by two stages of friction: A start-up stage characterized by a rapid increase
in the friction coefficient following the running-in and wear of surface asperities or at the rupture of mechanical
connections to the contact area. A second stabilization step where the coefficient becomes independent of friction
distance and reaches a stable state. This step corresponds to the formation of solid wear debris (third body), following
the deformation of surface asperities during the sliding process.
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Figure 3. Evolution of the coefficient friction of the SMSS steel as a function of the sliding distance
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3.2.2. Wear Rate

The results of the 3D surface analysis (Figure 4) confirm the wear character of the traces obtained on the SMSS
steel. The wear pattern morphology for the 10N load tests for both speeds (Figure 4b, Figure 4d) reveals a high
depth and width of the profiles compared to the 2N load for the two speeds (Figure 4a, Figure 4c). From the wear
rate values summarized in Table 4 above, it is observed that the wear rate increases with the increase of load and
speed for different tests. Furthermore, the increase of load generate the increase of contact surface and causes an
elevation of wear rate. The oxide debris particles formed under these sliding conditions tend to compact to form a
layer whose delamination determines additional wear. However, increasing the speed implies an increase in the
amount of wear debris formed at contact zone, resulting in its role an increase in wear rate. Its note that, the highest
wear rate is that obtained for 10N load for the two linear speeds, while the lowest wear rates are obtained for 2 N
load.
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Figure 4. 3D photos of SMSS steel wear grooves for all tests

3.2.3. Morphology of Wear Tracks

The worn surfaces of supermartensitic stainless steel were analyzed by scanning electron microscopy to highlight the
wear steel mechanisms under the experimental conditions studied. Figure 5 shows the worn characteristics of
stainless steel surfaces. For all tests, it's observed the presence of grooves parallel to the sliding direction produced by
the abrasive and adhesive wear caused by the delamination of the contact surface due by hard debris resulting of
wear and plastic deformation of surface asperities. However, the application a load of 10N (Figure 5b, Figure 5d)
results in detachment of the material in the form of flakes at the contact surface, which accentuates the adhesive
wear. These observations are in good agreement with the 3D results profile and the calculated wear rate.
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Figure 5. SMSS steel wear mechanisms for all tests
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4. Conclusion

The coefficient of friction as well as the rate of wear is essential parameters which characterizes the lifetime of the
materials. The experimental results obtained from friction tests using the methodology of factorial plans 22
contribute to quantitatively evaluating the effects of test parameters on the friction coefficient. The following
conclusions can be drawn:

- The mathematical model developed allowed to predict the coefficient friction "f" according to test parameters (P
and V) in field of study.

- The friction coefficient as well as wear rate depend on the test parameters, namely: the applied load and the linear
sliding speed as well as the surface state of sample.

- The isoréponses curves obtained by the model show that when the two factors (P, V) are at their lowest level, the
coefficient of friction (f) decreases as well as the rate of wear.

- Whatever the sliding speeds (min, max), we notice the predominance of abrasive wear for 2N load and adhesive
wear for 10N load with a higher wear rate.
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