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Fretting wear behavior of Inconel 690 in hydrazine environments
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Abstract: The friction and wear behaviors of Inconel 690 flat against Si3Niy ball were investigated using a hydraulic fretting test rig
equipped with a liquid container device. The loads of 20—80 N, reciprocating amplitudes of 80—200 pm and two different
environments (distilled water and hydrazine solution at temperatures from 25 to 90 °C) were selected. The results show that the ratio
of F/F, is lower in distilled water than that in hydrazine solution at the same temperature in the slip regime. Both the ratio of F/F,
and wear volume gradually increase with increasing medium temperature under the given normal load and displacement amplitude.
Besides the displacement amplitude and load, temperature also plays an important role for wear behavior of Inconel 690 material.
The increase of temperature could reduce the concentration of dissolved oxygen, and promote the absorption reaction of hydrazine
and dissolved oxygen. As a result, the oxidative corrosion rate is obviously lowered. Abrasive wear and delamination wear are the
main mechanisms of Inconel 690 in distilled water. However, in hydrazine solution the cracks accompanied by abrasive wear and

delamination wear are the main mechanisms.
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1 Introduction

Fretting is a wear phenomenon occurring when two
contact surfaces are subjected to a small amplitude
oscillatory movement, which can accelerate crack
nucleation of working components to lead to premature
catastrophic failures [1,2]. Fretting corrosion is a fretting
model in the electrolytes and other corrosive media
where the combined effects of corrosion and abrasion
occur in the complex friction process [3]. Steam
generator is the major equipment of nuclear power
systems, and heat exchanger tube is a key component of
the steam generator. Inside steam generators of nuclear
power plants, flow-induced vibrations usually cause a
relatively small amplitude oscillatory movement between
heat exchanger tubes and supports, where fretting
corrosion phenomena might occur due to the combined
effects of stress and corrosive media, and these
phenomena would lead to a reduction of U-tubes life
time [4—6]. The nuclear safety is a matter of concern to
the entire world. Fatigue fracture [7], intergranular
organization [8], stress corrosion [9], corrosion and
protection [10], fretting wear [11—14] and other factors
[15-19] for Inconel 690 have been researched using

micro-analysis equipment, while relatively less work has
been carried out on the fretting corrosion damage and its
mechanism.

In this work, the fretting wear and its mechanism of
Inconel 690 are studied in distilled water and hydrazine
solution environments. The chemical composition is
investigated by X-ray photoelectron spectroscopy (XPS)
in the debris layer.

2 Experimental

A hydraulic fretting wear test rig was used to test
the fretting wear behaviours of Inconel 690 alloy under a
contact configuration of ball-on-flat. As shown in Fig. 1,
the ball specimen was fixed at the upper holder, and
moved with the piston of the hydraulic system. The flat
specimen was fixed on the lower holder, which was
mounted on the specimen chamber. The friction force
was measured by sensor of load cell. Cyclic movement
between the contact pairs was measured and controlled
by the extensometer and its control circuit. The normal
load (F,) was applied on the clamp of the ball by a
weight set through a wire. During the fretting test, the
variation of tangential force (F;) versus displacement (D)
as a function of fretting cycles (N) was recorded.
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Fig. 1 Fretting wear test rig: 1—Ball specimen; 2—Flat
specimen; 3—Upper holder; 4—Piston of hydraulic system;
5—Lower holder; 6—Sensor of load cell; 7—Extensometer;
8—Weight set through a wire; 9—Counterbalance weight;
10—Heater; 11—Thermocouple; 12—Media

The specimens of Inconel 690 alloy were machined
to a size of 10 mmx10 mmx20 mm, and the surfaces
were carefully polished to a final roughness (R,) of about
0.02 pum. Si3Ny ceramics balls with a diameter of 40 mm
and a surface roughness (R,) of 0.02 um were used as the
counterparts. Prior to the fretting tests, the specimens
were ultrasonically cleaned with acetone and thoroughly
dried. The chemical composition and mechanical
properties of the Inconel 690 alloy and Si;N4 ceramics
are shown in Tables 1—4. The microstructure of this alloy
is completely austenitic, as shown in Fig. 2.

Table 1 Chemical composition of Inconel 690 alloy (mass
fraction, %)
Cr Fe C Si Mn Ti P S Ni
29 11 022 0.28 029 0.28 0.006 0.0008 Bal.

Table 2 Main mechanical properties of Inconel 690 alloy

Yield strength Tensile Modulus of
/MPa strength/MPa elasticity/GPa
310 85 734 110

Table 3 Chemical composition of Si;N, (mass fraction, %)
SisNy N Ca (@) C Al Fe Mn
>90 <36 0.25 1.5 0.3 0.25 0.25 0.3

Table 4 Main mechanical properties of Si;N,

Compressive  Fracture toughness, Modulus of
strength/MPa Ki/(MPa-m'?) elasticity/GPa
700 6.7 80 280

The experimental parameters for the fretting wear
tests were described as follows: normal load (F,) of 20,
50 and 80 N, displacement amplitude (D) of 80, 150 and
200 pm at constant frequency of 2 Hz, number of cycles
(N) from 1 lasting up to 2x10°. The fretting wear
tests were conducted in distilled water and hydrazine
environments, respectively. Three different environments

Fig. 2 Microstructure of Inconel 690 alloy

with temperatures of 25, 60 and 90 °C were heated by
the lower specimen due to thermal conductivity. In order
to maintain the setting temperature, these environments
were preheated for 20 min to decrease the differences
between the actual and the setting temperature before
each test. After the fretting wear tests, pH value of
hydrazine solution at 25, 60 and 90 °C were 9.55, 9.03
and 8.443, respectively, according to a pH value detector.

After the fretting wear tests, the morphologies of the
worn scars were examined by scanning electron
microscopy (SEM, Quanta2000), and chemical
compositions were analyzed by X-ray photoelectron
spectroscopy (XPS, PHI-5702).

3 Results and discussion

3.1 Friction logs

Friction forces varying with the displacement
amplitude (F—D curves) are the basic information
obtained from the fretting wear tests. According to the
variation of F—D curves as a function of the number of
cycles (F—D—N curves, usually named fretting logs),
three fretting running regimes [20,21], i.e. partial slip
regime (PSR), mixed fretting regime (MFR) and slip
regime (SR), are observed. Under a given normal load of
80 N, F—D-N curves of Inconel 690 at different
displacement amplitudes are shown in Fig. 3. When
D=80 and 200 pm (Figs. 3(a) and (b)), all F—D curves
are open quasi-rectangular, which is the characteristic of
slip regime. Relative slip is more obvious under high
displacement amplitude.

3.2 F/F, curves

Figure 4 shows the evolution of F/F, (ratio of
tangential force to normal force) curves as a function of
the number of cycles wunder different angular
displacements. It can be found that the F/F, curves
display significantly different evolution in different
fretting running regimes. According to the tests, a more
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Fig. 3 Fretting logs of Inconel 690 in hydrazine solution of
90 °C under normal load of 80 N: (a) D=80 pum; (b) D=200 pm

complex evolution process of the curve of the ratios of
F/F, is presented in the slip regime (D>80 um), five
stages can be observed, i.e., initial stage, ascending stage,
peak-value stage, descending stage and steady stage. The
ratio of F/F, is usually low at the early wear stage and
then increases rapidly due to the increase of adhesion and
abrasion induced by the direct contact between Inconel
690 and Si;N, ceramics. After a lesser number of cycles,
the ratio of Fy/F, quickly increases to a peak value.
During the ascent of the curve, metallic particles are
detached and ground to form the oxidative third-bodies.
After the peak value, the ratio of F/F, slowly decreases
owing to load-carrying by the third-bodies taken part in.
At the last stage, a balance between continuous
formation and overflow of debris is obtained, the ratio of
F/F, gradually maintains a steady state, and fretting
enters a stable period. The ratio of F/F, is higher in
hydrazine solution than that in distilled water under the
same conditions (Fig. 4). Under the same displacement
amplitude condition, the steady ratio of F/F, decreases
with the increase of the normal load and gradually
becomes stable. The steady value of F/F, ratio decreases
with the increasing of displacement amplitude under a
given normal load; while it increases with the increasing
of medium temperature under the given displacement
amplitude and normal load (Fig. 5).

3.3 Morphologies of wear scars
The fretting track morphologies, as revealed
by SEM images, are shown in Figs. 6 and 7 for the tests
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Fig. 4 Ratio of F/F, of Inconel 690 as function of number of
cycles at 80 N: (a) D=80 pum; (b) D=150 um; (¢) D=200 um

performed in distilled water and hydrazine solution,
respectively. Abrasion grooves are observed in distilled
water and hydrazine solution tracks of the Inconel 690,
indicating excessive plastic deformation of Inconel 690.
The distilled water track on Inconel 690 (Fig. 6) is
covered by a compacted debris layer that seems to
protect the surface of the material from further wear.
There are areas observed in the track that are not
influenced by the fretting test. Wear rate is accelerated
with the increase of medium temperature. The debris
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Fig. 5 Ratio of F/F, versus normal load under different
amplitudes in distilled water: (a) 25 °C; (b) 60 °C; (c) 90 °C

particles adhere at the contact area of the distilled water
track. A deformed and abraded debris layer is observed
on the worn surface (Figs. 6(a) and (b)). Abrasion is
promoted by debris particles detached from Inconel 690,
as shown in Fig. 6. The debris material is concentrated at
the contact zone of the track. A large amount of debris is
transformed into a flow layer. The influence of the cracks
on the generation of wear debris is shown in Fig. 7(a).
The significant abrasion grooves, plastic deformation,

Fig. 6 SEM images of central zone of wear scars in distilled
water when F;=80 N, D=200 pum at different temperatures:
(a) 25 °C; (b) 60 °C; (c) 90 °C

and cracks (Figs. 7(b) and (c)) due to the combined effect
of wear rate, stress, and chemistry are observed on the
worn surface in hydrazine solution. Therefore, the
abrasive wear and delamination wear are the main
mechanisms of Inconel 690 in distilled water. However,
in hydrazine solution, the cracks accompanied by
abrasive wear and delamination wear are the main
mechanisms.

The depth of wear trace could be calculated
according to the width of wear trace obtained from the
optical morphologies. According to Fig. 8(a), the depths
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Fig. 7 SEM images of typical wear scars in hydrazine solution
when F,=80 N, D=200 um at different temperatures: (a) 25 °C;
(b) 60 °C; (c) 90 °C

of wear traces in the SR increase with the increase of
displacement amplitudes under a given normal load.
Wear depth increases due to the increase of the normal
load under a given displacement amplitude in distilled
water of 90 °C. The depth of wear scars also increases
with the solution temperature increasing under a given
displacement amplitude. As the solution temperature
increases, the area and depth of the wear scars increase
with the same normal load in hydrazine solution, as
shown in Fig. 8(b). The results reveal that temperature,
besides the displacement amplitude and normal load, is
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Fig. 8 Depth of wear traces versus normal loads and
temperatures in two different environments: (a) In distilled
water of 90 °C; (b) In hydrazine solution, F,=80 N

the major factor affecting fretting wear (Fig. 8(b)).
Increasing medium temperature, the dissolved oxygen
concentration is reduced in distilled water. On the one
hand, increasing temperature promotes the absorption
reaction of hydrazine and dissolved oxygen, and the
oxidative corrosion rate is lower obviously. On the other
hand, the compactness and stability of the oxide films in
hydrazine solution are weakened simultaneously. Hence
fretting wear becomes more serious.

3.4 Composition of wear debris

Figure 9 shows the composition profiles of the main
elements of Inconel 690 at the worn zone in different
environments. For fretting tests in distilled water, the
oxygen content in the debris layer decreases slowly with
the increase of sputtering depth and gradually becomes
stable. The nickel content first increases and then
decreases with the increase of sputtering depth and tends
to be stable. Iron and chrome contents increase slowly
with increasing the sputter depth and becomes stable
(Fig. 9(a)). For fretting tests in hydrazine solution, the
oxygen content decreases with the increase of sputtering
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Fig. 9 Composition depth profiles obtained from XPS analysis
for wear scar zone on Inconel 690 after fretting at a passive
potential of 0.5 V when F,=80 N, D=200 um: (a) In distilled
water of 60 °C ; (b) In hydrazine solution of 60 °C

depth and gradually becomes stable, while iron, nickel
and chrome contents increase slightly with the increase
of sputtering depth (Fig. 9(b)).

The oxygen content in Fig. 9(b) is lower than that in
Fig. 9(a). The reason is that the combined effect of
hydrazine and temperature promotes the absorption
reaction of hydrazine and dissolved oxygen and reduces

the concentration of dissolved oxygen. Therefore, the
oxidative corrosion rate is lowered obviously. The
probable reaction is as follows

N2H4+02—>N2+2H20 (1)

The XPS spectra of Cr 2p on the worn surfaces are
shown in Fig. 10. For peak fitting analysis of Cr 2p
spectra, the Cr 2p spectra at peak binding energy of 577+
0.3 eV and 574+0.3 eV correspond to the formation of Cr
and Cr,0s, respectively [22].

The XPS spectra of Ni 2p on the worn surfaces are
shown in Fig. 11. The Ni 2p spectrum is decomposed
according to the procedure described in Ref. [23]. On the
worn surfaces of Inconel 690, nickel is presented in the
form of Ni**, Ni*"and Ni” (E,=856.5+£0.3 eV, 854.2+0.3
eV and 852.54+0.3 eV, respectively) as in the composition
of Ni,O;, NiO, and Ni (Fig. 11(a)), two other
components (and the associated satellites) are defined: a
signal from metallic Ni in the alloy at binding energy of
852.5+ 0.3 eV (satellite at 858.6+0.4 eV with respect to
the main signal) and another Ni oxide (NiO) at binding
energy of 854.2+0.3 eV (Figs. 11(b) and (c)).

The XPS spectra of Fe 2p on the worn surfaces are
shown in Fig. 12. The shape of the band and the binding
energies of Fe 2p electrons suggest that iron presents in
the form of Fe'*, Fe*" and Fe’ (E,=716.4+£0.3 eV, 712.4+
0.3 eV and 707+0.3 eV, respectively). It forms Fe,O;,
Fe;04and Fe [24].

As mentioned above, composition and structure are
important factors affecting the fretting occurrence,
development and control in the friction process [25]. The
oxides and elementary substances of the three main
alloying elements (Ni, Cr and Fe) are formed in the
debris layer. Also, the oxide content which decreases
with the increase of temperature is lower in hydrazine
solution than that in distilled water. So, temperature
plays an important role in the fretting wear. Increasing
temperature could reduce the concentration of dissolved
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Fig. 10 XPS spectra of Cr 2ps/, for wear scar zone on Inconel 690 for sputtering depth of 121.26 nm when F;=80 N, D=200 um:
(a) In distilled water of 60 °C; (b) In hydrazine solution of 60 °C; (c) In hydrazine solution of 90 °C
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Fig. 11 XPS spectra of Ni 2ps/, for wear scar zone on Inconel 690 for sputtering depth of 121.26 nm when F,=80 N, D=200 um: (a)
In distilled water of 60 °C; (b) In hydrazine solution of 60 °C; (c) In hydrazine solution of 90 °C
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Fig. 12 XPS spectra of Fe 2ps3, for wear scar zone on Inconel 690 for sputtering depth of 121.26 nm when F;=80 N, D=200 um:
(a) In distilled water of 60 °C; (b) In hydrazine solution of 60 °C; (¢) In hydrazine solution of 90 °C

oxygen in distilled water, promote the absorption
reaction of hydrazine and dissolved oxygen, and the
oxidative corrosion rate is obviously lowered. In fact, a
large number of metal oxide films with good
compactness and stability are produced on the worn
surface in distilled water. The wear of materials is
alleviated due to avoiding the direct contact between
materials and media, so that the materials are protected
from serious wear. It indicates that the oxide film
formation and the compactness and stability of the films
depend on temperature and media. With the increasing
solution temperature, the absorption reaction of
hydrazine and dissolved oxygen is promoted, oxidative
corrosion rate is decreased, but the compactness and
stability of the oxide films are significantly lower [26].
Therefore, wear becomes more serious.

4 Conclusions

1) The ratio of F/F, is lower in distilled water than
that in hydrazine solution at the same temperature, and

the wear volume and the ratio of F/F, increase with the
increase of solution temperature under a given normal
load and displacement amplitude in the slip regime.

2) Besides the displacement amplitude and normal
load, temperature also plays an important role in the
fretting wear. Increasing temperature promotes the
absorption reaction of hydrazine and dissolved oxygen,
and obviously reduces oxidative corrosion rate, but the
compactness and stability of the oxide films are
weakened. So, fretting wear becomes more serious.

3) The abrasive wear and delamination wear are the
main mechanisms of Inconel 690 in distilled water.
However, in hydrazine solution the cracks accompanied
by abrasive wear and delamination wear are the main
mechanisms.
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