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Resume

In this paper, the fretting damage of a mechanical bolted assembly in three
dimensions is studied using a humerical approach. The study consist to analyze
the cylindrical coordinates in stress fields and other fretting parameters depending
on the angle and radius of the contact areas, and also to determine
the position of the initiation and propagation of the crack.

The numerical simulation is done in 3D in order to better describe the real behavior
in fretting of a bolted joint. According to the simulation results,
the tightening torque plays a significant role in the load transfer. The results
allowed us to determine the stress that triggers the initiation and crack propagation,
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1. Introduction

Fretting is a special wear process that
occurs at the contact area between two materials
under load and subject to minute relative motion
by vibration or some other force[1]. This
phenomenon has been recognized and studied
for along time. It was reported first by Eden et al.
in 1911 [2], but it wasn’t well understood until
1927 when studied by Tomlinson [3].

Fretting damage is differentiated by three
distinct modes: it can occur as a result of fretting
wear [4 - 6]; which happens for relatively small
vibratory or cyclic motion, normally results in
relatively little damage and rarely causes
premature structural failure; or as gross sliding
wear [7 - 9], which occurs for relatively large
vibratory motion, normally results in visual
surface damage, but rarely causes premature
structural failure; or fretting fatigue - this term is
used to describe situations where microslip
between contacting surfaces appears to give rise

to a reduction in fatigue life when compared
to a plain component. This third mode leads
to catastrophic failure [10]. Due to its importance
and the damage it can cause, the study of this
phenomenon in its three configurations is very
necessary.

Fretting fatigue is a combination of two
complex phenomenon’s. There are a lot
of practical applications that are subjected
to fretting fatigue. Based on contact conditions,
e.g. surface finish, coefficient of friction, etc, and
mechanical variables, e.g. axial stress, contact
stress and slip amplitude, fretting damage at
contact interface can cause crack initiation and
growth leading to catastrophic and sudden
fracture. Experimental studies of fretting fatigue
have taken different forms: Bridge type [11],
Single clamp type pad [12 - 14], and Single and
Double Bolted Lap Joint [15 - 17].

The finite  element method (FEM)
is a numerical technique for finding approximate
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solutions to boundary value problems. It is very
popular and useful for analyzing fretting fatigue
behavior [18 - 26]. In most studies we can
observe that the fretting fatigue life decreases
with the increase of contact forces.

This paper adopts the 3D-FEM technique
to predict the most dangerous strain that causes
the initiation and propagation of crack, and
determine the damaged area by fretting.
We consider a double joint cover assembly
bolted with only a single bolt, we introduce
a torque per revolution of the nut by an angle 0
of 106.6°, and we consider a friction between the
contact surfaces (u=0.2), we observe that the
intensity of the torque leads to the augmentation
of equivalent Von Mises stresses, shear stresses,
and causes the increase of the normal stress
between the plates.

2. Description of the Problem

The geometry of the bolted assembly and
different boundary conditions used in the finite-
element analysis are described in the following:

2.1 Geometry

Fig. 1 shows the geometry of three bolted
rectangular plates with length | = 160 mm, width
w = 25 mm, and thickness t = 3.2 mm.

2.2 Material

The aluminum alloy 7075-T6 plates are
used in this case. Its properties are taken from
Military Handbook 5H [28] and are shown in the
Table 1.

The material for the bolt is high-strength
and high grade alloy steel (AJAX Steel Bolt
Class 8.8 and UNBRAKO Steel Bolt Class 12.8).
Typical Young’s modulus and Poisson’s ratio
for this material are 210,000 MPa and
0.3 respectively [28].

2.3 Boundary conditions

There are three overlapping plates
assembled as shown in Fig. 2, the left sides
of the two plates are fixed and the force
is applied to the right side of the intermediate
plate.

P 270mm -
- d
10mm < 135mm >
Smm Steelhort_________ Middleplate__h 3,2mm
I I || ~ Ih
Duterplate-d"-{.'"___ - 10mm - ___‘::'—"A'u‘u'asher I
hut-~ 160mm _
A O-Smm v
A ; E
£ E
: E“
Smm_
< S0mm >
Fig. 1. Bolted assembly in double joint cover [27].
(full colour version available online)
Table 1
Mechanical properties of the aluminum alloy 7075-T6 [28].
: : Young’s . , Strength .
e e Meddie DR cofienc
oe ou (MPa) v (MPa) P
412 590 71000 0.33 850 0.035

Materials Engineering - Materialové inzinierstvo 24 (2017) 36-47



38 M. Sehoul et al.: Fretting—fatigue behavior of bolted joints using FEM method

Fig. 2. Boundary conditions and loading condition.
(full colour version available online)

a) full model b) filaire model
Fig. 3. Finite elements detail model: Mesh of the bolted assembly.
(full colour version available online)

0=0°

Edge interior ofthecontact Edge external of the contact area

area (Edge of the hole)

Contactarea studied Out of the contact area

Fixed supportl 0 = 180° Sliding direction

Fig. 4. Representation of the contact area.
(full colour version available online)
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3. Finite Element Analysis

Finite element analysis is an important tool
to design practical mechanical joints, such as
the bolted assemblies. According to the dimensions
of the structure, a three dimensional model was
generated using the commercial software ANSYS
(ANSYS 11, [29]) in order to determine stress
field at contact zone.

In this modeling the assembly elements
(screws, nuts, lock nuts, and washers) are
considered as rigid bodies in the finite element
model. The details of the bolted assembly and
assembly elements are shown in Fig. 3.

The method used in this modeling
to realize the tightening torque is the method
of the turn of nut [30]. This method is based on
the application of a rotation quantity 6 to the nut
[30] given by equation (1).

0 =90°+2t + d 1)

Where: t is the total thickness
of the assembled plates in mm and d is the bolt
diameter in mm.

3.1The contact area

The contact area Z is comprised between an
inner edge in the form of a circle and an outer edge
in the form of a square (see Fig. 4).

To define the contact area you must define
the following two spaces:

In the Euclidean space (2):

|x| < 12.5 mm

!I (}) ] R3 lyl <12.5 mmL 2
\

|z| < 1.6 mm |

)

The Cylindrical space:

25 = r=17.67 mm

I / 0°= 8= 360°
, = ('ﬂ)E R]J."'

lz] = 1.6 mm

©)

ze Q ify =0 and [x|
x=0and [y| <2.5 mm

zg Qif125mm <r<17.677 mmand |6| = 90°
orf =0°orf=180°.

< 2.5 mm where

3.2 The damage sources

A cyclic load (According to an Euclidean
landmark):

0
ﬁ(KN)z( 0 ) (4)

12

A tightening torque (In rotational form
according to the cylindrical landmark):

0
C= ( 0 > (5)
0 = 106.6°

The friction coefficient between the plates
pn=0.2.

4. Results
The aim is summarized in two essential
points:
—  Determination of the most dangerous
stress that triggered the crack initiation and
propagation

— Determination  of the  position
of the priming and propagation of crack

Fig. 5 shows the Iso values

of the equivalent Von Mises stresses

in the contact area on the intermediate aluminum
plate alone under the same loading conditions.
We note that the value of this constraint is
constant Gvon-mises = 269.31 MPa, the distribution
is uniform in this area, so it isn't located
in a defined position between the hole edge and
the edge of the contact area.

In order to better analyze the combined
effect of the tightening torque (6 = 106.6°) and
the cyclic load (F = 12 KN) on the stress field
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distribution and correctly locate the crack the edge of the contact area. In the numerical

initiation site in the contact area, a more detailed model, an angle serves as a reference to indicate
analysis was carried out of each stress the position for which stresses are calculated
component between the edge of the hole and (Fig. 6).

Maximal Equivalent Stress of Von Mises e
2,8552 |

(.10 [Pa]

33552 -

2.8552 |

Lol e Sl ik B Bl B T el Sk 2amt Bl B B Do Sl e el Sl Bl T Dol el 2

2,3552

Equivalent stress of Von-Mises

1.8552

13552

o 50 100 150 200 250 300 350

Angle 8(°)

o Von Mises (e

Fig. 5. Distribution of the equivalent Von-Mises stresses between the edge of the hole and the edge
of the contact area.

(full colour version available online)

e,
Fig. 6. Appointment of position of a point P in the surface of contact and their stresses generated in the two
different cylindrical and Cartesian orientations.
(full colour version available online)
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The analysis of the graphs shown
in Figs.7 and 8 reflects a similar behavior
as that obtained previously. The only difference
is the distribution of the components of shear
stresses, and stresses ag. This aspect can
be attributed to the effect of the angular
parameter when using the cylindrical coordinates
in an axis system. The stress on
is varied according to the two coordinates: angle
and radius, it takes the maximum value
or = 288.94 MPa at the position defined by:
(r =7.5mm; 8 = 179.77 °), and the constrained
o  remains  stable and  unchanged.
By comparing the ranges of this constraint (o)
with the other components of the stress field (o4,
ou, 0w, 0s Orz), We can conclude that the risk
of crack initiation and propagation is associated
by the stress component (o).

From the numerical analysis we can say
that the initiation of the crack in the intermediate
plate for this type of loading takes place in a path
defined by a radius equal to 7.5 mm and an angle
roughly equal to 180°.

In order to better model this behavior, and
to give a better justification of the conclusions
already  found, taking into  account
the distribution of contact pressure, frictional
stress, sliding and penetration is therefore
necessary (Fig. 9).

By analyzing the graphs shown in Fig. 9,
it can be seen that the values of the contact
pressure, the friction stress, and the penetration: P
= 2290 MPa, oficion = 14.29 MPa and
pe = 091 pm, are maximum at the position
defined by 8 = 179.61° = 180° compared
to those found at the edge of the hole where
the radius r =25 mm (P = 2287 MPa,
otriction= 14.29 MPa, pe = 0.87um). The evolution
of the friction stress is subdivided into three
domains: Contact area (red), intermediate area
(green) and non-contact area (blue).

The sliding increases gradually with
the angle and the radius increase and finally
reaches the maximum value g = 65.01 um at 6 =
0°%r=25mmor r = 125 mm. Then
it begins to decrease towards a value

g = 61.68 um at 8 = 179.61 °, r = 7.5 mm.
The decrease in sliding in the ring domain
6 <r <7 and the increase in the friction stress at
3 <r <7 and the contact pressure at 6 <r <11 in
a contact problem can be explained
by the phenomenon of adhesion which
is justified by penetration. While the sliding
phenomenon is the inverse of all that has been
observed in adhesion, we can consider
the increase of the sliding in the ring domain

25 <r <561 and 837 <r < 125
as an adhesion-sliding transition phase and the
ring domain

6 <r<7and =180 ° as a strong adhesion
domain corresponding to the critical range
in the contact area where there is a risk
of crack initiation under fretting.

Next, we do a field
of the principal stresses (Fig. 10).

The analysis of these graphs shows that the
maximum principal stress o1 found between the
edge of the hole and the edge of the contact area
IS maximum positive (o1 = 292 MPa) at
r = 75 mm, 6 < 179.81° and minimal
(0n =282 MPa) at r =25 mmor r =125 mm,
6 = 0 °, which confirms that this position
is the most damaged position. This constraint
is varied in the XY plane. The principal
intermediate stress is constant (o> = 0.75 MPa)
whatever the angle and the radius in the XY
plane, and the principal stress o3 is also varied in
the XZ plane, it takes a minimum value
at the edge of the hole (o3 = -2.19 MPa) and
increases until reaching its maximum value.

analysis

According to these results, the position
of crack initiation and propagation can be easily
localized. The risk of crack initiation will happen
in an inclined plane of an angle of 6 = -90°
with respect to the plane of application
of the cyclic load at the edge of the hole:
P(r,0z)={r=75mm,8=-90,z=1.6 mm} and
P(r,0,z)={x=0,y=-7.5mm, z=1.6 mm}.

This results shows a good agreement
between simulation and the experimentation
according to the experimental work [31]

(Fig. 1).
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Fig. 7. Distribution of stresses in cylindrical coordinate between the edge of the hole and the edge
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(full colour version available online)
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Fig. 8. Distribution of iso values of stresses in cylindrical coordinate between the edge of the hole and
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Fig. 11. Experimental rupture mode [31].

(full colour version available online)

5. Conclusion

The numerical simulation carried out
in 3D, makes it possible to describe the real
behaviour of a bolted assembly in fretting
fatigue. The results obtained show that
the tightening torque plays a significant role
in the load transfer.

The distribution of the stress field
is influenced by several parameters that can be
summarized in the following:

— Technological  parameters  related
to the design.
— Numerical parameters  represented

by the number of elements and the step
of the computing time.

— The parts with strong  stress
concentrations of Von-Mises are generally found
in the fasteners and the tracks of friction, causing
mechanical phenomena (cracks, wear, rupture
etc....).

— The intensity of tightening torque
involves the increase in the equivalent pressures

of Von Mises, the shear stresses and
the increase in the normal constraints
in the plates.

— The constraints of  Von-Mises

of the plates increase in a notable way when
the cyclic aspect charges and tightening torque
are coupled.

— The place of crack initiation will
be transferred to the edge of the zone of contact
in a tilted plan from an angle equal to a = 90°
compared to the direction from the slip.
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Resume

Surface coating techniques have a very important place in metal technologies.
The aim of surface coating operations is to improve and enhance the properties
of a material. In this study AISI 316L stainless steel was coated with cobalt base
Stellite-6 alloy powder using Detonation Gun thermal spray process. After
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the coating deposition, the wear resistance of surface- alloyed layer was

investigated using the pin on disc dry sliding wear test. The surface morphology
of worn specimens was examined using scanning electron microscopy (SEM).
The results obtained from all the tests were compared to those of bare AISI 316L
specimens. For comparison of substrate and coated material, graphs were plotted.
The wear resistance of coated specimens improved remarkably as compared

to the bare specimens.
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1. Introduction

In a wide variety of applications,
mechanical components have to operate under
severe conditions, such as high load, speed
or temperature and hostile chemical
environment. Thus, their surface modification
is necessary in order to protect them against
various types of degradation. The thermal
spraying has emerged as an important tool
of increasingly sophisticated surface
engineering technology. The different properties
of the coating provide corrosion resistance,
wear resistance, better thermal or electrical
conductivity etc. [1]. AISI 316L, austenitic
stainless steel is widely used in corrosive
environments as it has high corrosion resistance.
However, its wear, cavitation and erosion
resistances are poor due to low hardness
(220 HV), which restricts its use in many
industrial applications [2]. Austenitic stainless
steel exhibits a sticking behavior during

the wear test, which is a distinctive feature
of ductile materials that are capable
of absorbing much larger quantities of energy
before failure [3].

Coating a material with another material
is done to obtain a combination of properties
that combine the properties of the base material
with other necessary properties that give
corrosion resistance, wear resistance, better
thermal or electrical conductivity [4].

The Stellite-6 is the most widely used
cobalt based alloy exhibiting excellent
resistance to many forms of mechanical and
chemical degradation. Its applications include
valve seats and gates, pump shafts, bearings and
erosion shields. The exceptional wear resistance
of Stellite-6 is mainly due to the unique and
inherent characteristics of the hard carbide
phase dispersed in the Co-Cr alloy matrix [5].

This paper deals with influence
of the Stellite-6 coating on AISI 316L stainless
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steel. The specimens were subjected
to pin-on-disc dry sliding wear test
on a tribometer to investigate their wear
resistance.

2. Experimental procedure

Stellite-6 alloy in powder form was used
as coating material, the nominal composition of
which is shown in Table 1.

The substrate material used was AlSI
316L stainless steel, that is an extra low carbon
version of 316 steel alloys. The low carbon
content in AISI 316 L Stainless Steel prevents
the formation of carbide on the surface when
material comes in contact with heat. This can be
used for bearings which operate in corrosive

environments such as running inside liquids.
However this steel has slightly lower
mechanical properties. This steel fails mainly
due to wear and elevated temperatures.

The chemical composition of substrate
material is given in Table 2.

Before coating, the material was
machined and specimens for dry sliding wear
test were prepared.

2.1 Specimens for wear test

For dry sliding wear test, specimens
of diameter 10 mm x 30 mm length were
prepared by cylindrical turning on the lathe.
Both sides of the specimens were ground
on a surface grinder.

Table 1
The chemical composition of Stellite-6.

Element Cr w C Ni Fe Si Mn Mo Co

Wt. % 28.60 4.90 1.30 0.65 0.79 1.25 1.13 <0.10 Bal.
Table 2

Chemical composition of AISI 316 L.
Element C Si Mn P Ni Cr Mo Fe
Wit. % 0.020 0.400 1.320 0.026 0.030 10.270 16.570 2.010 Bal.

Table 3

Technical Specification of Awaaz Detonation Gun.

Working Gases
Consumption of Powder per Shot
Water Consumption Rate

Oxygen, Acetylene, Nitrogen and Air
0.02-0.05g/ shot
15-25 litres/minute

Firing Rate 1-10 Hz
Coating Thickness per Shot 5-25 um
System Control Manual/ Semi auto
Dimensions (L X B x H) mm 1200 x 500 x 1500
Sound Pressure Level 150 dB
Table 4
Process parameters for Stellite-6 coating by D- gun thermal spray process.
Parameter Value
Oxygen Flow Rate 52 SLPM (Standard Litres Per Minute)
Pressure 0.2 MPa
Acetylene Flow Rate 40 SLPM (Standard Litres Per Minute)
Pressure 0.14 MPa
Nitrogen Flow Rate 17.33 SLPM (Standard Litres Per Minute)
Pressure 0.4 MPa
Spray Angle 90°
Spray Distance 150 mm
Power 450 VA
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2.2 Coating of specimens

For coating process the equipment used
was “Awaaz Detonation Gun” available at M/s
SVX Powder M Surface Engineering Pvt. Ltd.,
Greater Noida (India). The technical
specifications of the detonation gun are given
in Table 3. The process parameters for thermal
spray Stellite-6 coating by detonation gun are
given in Table 4. The specimens to be coated
were firstly sand blasted using alumina powder
(Al>03) to make the surface rough and suitable
for coating deposition.

2.3 Testing of specimens

Pin on Disc Wear Test: The dry sliding
pin on disc wear test was carried out on the Wear
and Friction Monitor TR- 20, make M/s Ducom
Bangalore, India. The machine is equipped with
digital display for friction, time and rpm. It has
got a variable speed motor so that speed can be
set for the test. The tribometer is shown in Fig. 1.

|

' Flg 1. Pin on Disc wear tester (Ducom TR-20).
(full colour version available online)

The specimens (pins) were weighed
before and after the wear test to determine
the weight loss. The specimens were weighed
on 0.0001 gm precision balance. The test was
performed using ASTM G99 standard. The D2

die steel was used to prepare the disc used
as counterface. The plate was hardened
to a hardness value of HRC 62-65 and ground
on a surface grinder. The loading conditions
were varied from lighter to severe, as shown
in Table 5, whereas Track diameter, speed
of disc and time of test were kept constant.
The various parameters of dry sliding wear test
are shown in Table 5.

Scanning Electron Microscopy: After
the dry sliding pin on wear test, the surface
morphology of worn specimens was observed
at Sophisticated Analytical Laboratories, Thapar
University, Patiala. The equipment used was
JEOL JSM-6510 LV Scanning Electron
Microscope, which is a low vacuum scanning
electron microscope. This machine has got
a magnification range of 5x to 300,000x.
The accelerating voltage of the machine is from
0.5 to 30 kV. The machine can enable
the observations of specimens up to 150 mm
in diameter. The JEOL JSM-6510 scanning
electron microscope is depicted in Fig. 2.

Fig. 2. JSM-6510 LV Scanning Electron Microscope.
(full colour version available online)

Table 5

Parameters for Dry Sliding Wear Test.

Applied Normal Load (N)
Speed of Disc (r.p.m.)
Track diameter
Time (minutes)

19.6, 29.4 and 49 (varied over three levels)
500 (kept constant)
80 (kept constant)
5 (kept constant)
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3. RESULTS AND DISCUSSION
3.1 Dry Sliding Wear Test

The pin on disc dry sliding wear test was
performed on the bare and coated specimens.
The track diameter was kept constant at 80 mm
and the rotational speed of disc was kept
constant at 500 rpm, with load varying as 19.6,
29.4 and 49 N. The disc was prepared of the D2
die steel with a hardness of 62 HRC. The wear
rate of the specimens was calculated using
the previously mentioned formula.

Am
= PE x 1012 Q)

where W; is the wear rate in mm3Nm?, Am
isthe mass loss of test specimens during
the wear test at N revolutions, in gm,
p is the density of test materials in gm-cm?,
L is the total sliding distance in m and
F is the normal force acting on the pin in N.
The sliding distance is obtained as a product
of the linear velocity and time, while the linear
velocity is equal to,

_ IEAN
V=" 2

where R is track radius and N is disc speed
in rpm.

The wear rate of the uncoated specimens
was found to increase with increment
of the normal load. This is due to low hardness
of the bare AISI 316L specimens. The weight
loss of the uncoated specimens increased for all
the specimens. The wear rate of Stellite-6
coated specimens decreased with increase
of the normal load. This is due to the high
hardness of the coated specimens and wear
resistant properties of the Stellite-6. The test
results of the dry sliding wear test are
represented graphically in Fig. 3.

3.2 Morphology of worn surfaces

The specimens tested on the pin on disc
tribometer were examined on a scanning

electron microscope (SEM) to evaluate
the surface characteristics of the uncoated and
the Stellite-6 coated specimens.

Morphology of worn surface
of the wuncoated AISI 316L specimens:
The scanning electron micrographs of worn
surfaces for the uncoated specimens are shown
in Figs. 4 to 6. The micrographs support
the results of the mass loss obtained during
the dry sliding wear test. Fig. 4 shows the SEM
images of wear tracks after the dry sliding wear
test of the uncoated AlSI 316L specimen at 19.6
N load. The material removal from the wear
track was caused by adhesive and abrasive
wear. The wear is less severe and the less
number of debris are formed. The plastic
deformation is limited and the linear wear tracks
are visible.

The SEM image of the worn surface
of the uncoated AISI 316L specimen at 29.4 N
load is shown in Fig. 5. The micrograph
supports the fact that the wear is more severe
in this case due to increased load. Numerous
debris in shape of small balls can be clearly
seen in the SEM image. The abrasive wear
caused during the test also is shown
by the grooves created in the wear tracks.
This is due to the effect of micro-ploughing.
In addition to this, fins are also observed
on the edges of the wear tracks. These will
eventually break off, resulting in higher mass loss.

Fig. 6 shows the SEM image of the worn
surface of the uncoated AISI 316L specimen
at 49 N load. The phenomenon of delamination
is observed. The material from the worn surface
is pulled out from the specimen and voids are
created. The friction also plays an important
role in this observation, since due to rise
of temperature the material tends to deform
plastically and hence voids and gaps are created.
The fins created during the sliding wear are now
much more clearly visible on the edges
of tracks, which tend to overlap each other due
to the temperature rise and plastic deformation
of the uncoated bare AISI 316L specimen.
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Wear Rate vs Normal Load

50
’g 45
% 40 m Uncoated
g3 Specimens
o 30
1
v 50 m Stellite 6
@ Coated

specimens
2 ke 3kg Skg
Normal Load (kg)

Fig. 3. Graphical representation of Dry sliding pin on disc wear test.

N
SEI 20kV WD11mm SS35 » x500 N S50pm
SAl Labs, Thapar Univ, Patiala, G.Mourya 03 Oct 2015
Fig. 4. The SEM image of worn surface of the uncoated AISI 316L specimen at 19.6 N, 2.09 m-s*
speed.

.- 1 H . v 3
SEI 20kV WD11mm SS35 x500 5
SAl Labs, Thapar Univ, Patiala, G.Mourya 03 Oct 2015
Fig. 5. The SEM image of the worn surface of the uncoated AISI 316L specimen at 29.4 N, 2.09 m-s™

speed.
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SEI 20kV WD10mm  SS35
SAl Labs, Thapar Univ, Patiala,

Morphology of the worn surface
of the Stellite-6 coated AISI 316L specimens:
The scanning electron micrographs of the worn
surfaces for the Stellite-6 coated AISI 316L
specimens are shown in Figs. 7 to 9. Fig. 7
shows the behaviour of the Stellite-6 coated
AISI 316L steel specimens after the dry sliding
wear test at 19.6 N load. The wear tracks are
smooth in general and partially damaged
regions are observed. There is no severe damage
or grooving as compared to that of the uncoated
AISI 316L specimens.

Fig. 8 shows the behaviour of the Stellite-
6 coated AISI 316L steel specimens after
the dry sliding wear test at 29.4 N load.
It is observed that wear tracks are not
continuous. This behaviour is in support
of the mass loss results of the dry sliding wear
test. The mass loss of the Stellite-6 coated
specimens was less as compared to the uncoated
AISI 316L specimens. Some debris is also
observed on the wear tracks, but there
iS no grooving or delamination.

Figu 9 shows the  behaviour
of the Stellite-6 coated AISI 316L steel
specimens after the dry sliding wear test at 49 N
load. The wear tracks are very smooth and fine
lines are observed on the worn surface.
This is due to the temperature rise at high
loading conditions caused by friction.

x200 100pm
G.Mourya

Fig. 6. The SEM image of the worn surface of the uncoated AISI 316L specimen at 49 N, 2.09 m-s*
speed.

03 Oct 2015

The debris formed is also attached to the surface
and does not fall off the surface.
This is the reason of the less mass loss.
The wear of the surface is superficial and
no major damage is observed.

4. CONCLUSIONS

In the light of the results obtained during
the course of present investigation, it is inferred
that:

- The wear rate of the Stellite-6 coated
specimens was much less as compared
to the uncoated AISI 316L steel
specimens. Thus, it may be concluded
that as the loading conditions get
severe, the behaviour of the Stellite-6
coated specimens improved whereas for
the uncoated specimens, the wear
behaviour decreased with further
increase of normal load. Therefore,
it is inferred that the Stellite-6 coated
AISI 316L specimens are better suited
for more severe conditions of the dry
sliding wear.

- The wear signs on the bare specimens
were deep and clear due to micro-
ploughing and grooving. However,
the wear signs on the Stellite-6 coated
specimens were more superficial.
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SEI 20kV WD11mm  SS40 x50 500um
SAl Labs, Thapar Univ, Patiala, G.Mourya 03 Oct 2015

Fig. 7. The SEM image of the worn surface of the Stellite-6 coated AISI 316L specimen at 19.6 N,
2.09 m-s speed.

SEl  20kV WD10mm  SS40 ) x’:'>-00 50pum
SAl Labs. Thapar Univ. Patiala. G.Mourya 03 Oct 2015
Fig. 8. The SEM image of the worn surface of the Stellite-6 coated AISI 316L at 29.4 N, 2.09 m-s™
speed.

{ B

SEI 20kV WDSn:m SS35 >'(500 50um
SAl Labs, Thapar Univ, Patiala, G.Mourya 03 Oct 2015
Fig. 9. The SEM image of the worn surface of Stellite-6 coated AISI 316L specimen at 49 N, 2.09 m-s*
speed.
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Resume

Microstructure and texture evolution of Fe-36%Ni (wt. %) alloy after 1, 5 and
10 accumulative roll-bonding (ARB) cycles and annealing at 600 °C up to
3600 seconds were studied using electron backscatter diffraction. Microstructural
and textural changes after ARB and annealing were compared to those existing
in the literature after conventional rolling. The microstructure was not stable
at 600 °C for all ARB samples even after 3600 seconds of annealing.
The recrystallization texture was dominated by the Cube {001}<100> texture
component. Recrystallization kinetics were determined using microhardness
measurement and were close to those after cold rolling with Avrami time
exponent around unity. The texture evolution at high strain was discussed
interms of grain boundary migration obstruction by the formation of layer
interfaces and small recrystallized grains near the bonded interfaces.
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1. Introduction

Thermo-mechanical processing of alloys
is of great importance for industrial specific
needs. The recrystallization microstructure,
texture, nature and geometry of grain
boundaries are key factors influencing
the mechanical properties of materials.
The understanding of recrystallization kinetics
and texture evolution during severe plastic
deformation, especially Accumulative Roll
Bonding (ARB), allows the possibility to ensure
optimal conditions during thermo-mechanical
processing of alloys.

Ultrafine-grained metals or alloys have
demonstrated a higher combination of strength
and ductility than the coarse-grained ones [1].
After ARB processing, Fe-36%Ni (wt. %) alloy
samples were strengthened up to 200 % relatively
to the non-deformed initial state and exhibited

an ultrafine microstructure with grains having
elongated shape in the rolling direction [2, 3].

Despite the numerous papers dealing with
microstructure and texture evolution analysis
of Fe-36%Ni alloy after conventional rolling
and recrystallization annealing [4 — 8], there
is a lack of knowledge on the thermal stability
of the ultrafine grained Fe-36%Ni (wt.%) alloy
severely deformed by ARB. In this paper
we present the detailed results of electron
backscatter diffraction (EBSD) measurement
on the evolution of the microstructure texture
as well as recrystallization  kinetics
of the Fe-36%Ni (wt. %) alloy processed
by ARB and annealed at 600 °C.

2. Experimental procedure

The fully recrystallized Fe-36%Ni
(wt. %) alloy was kindly provided by APERAM
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alloys society, France. The ARB processing was
carried out at 550 °C to 1, 5 and 10 cycles.
The results of deformation texture and
microstructure of the as deformed state were
published by Tirsatine et al. [2]. Sheets of 1 mm
thickness were cut from the ARBed samples
and  subsequently isothermally  annealed
at 600°C for 120, 600, and 3600 sec under H2
flux protection. The annealing temperature was
selected by taking into account the results
of [5].

Microstructure and microtexture was
characterized using a FEG-SEM SUPRA 55 VP
scanning  electron  microscope  operating
at 20 kV with the TSL Orientation Imaging
Microscopy, OIMTM software. The samples
were mechanically polished and then electro-
polished for EBSD measurements. EBSD maps
were recorded on 100 x 100 pm zones
on the RD-ND (rolling and normal directions)
plane of the annealed samples with a step size
of 0.1 mm. The grain size data were obtained
using a grain tolerance angle of 5° and
the minimum grain size was chosen
to be 2 pixels.

Quantitative texture analysis was carried
out by calculating the Orientation Distribution
Function (ODF) using the “Harmonic Method”
implemented in the MTex software [9].

The micro-hardness of the specimens was
measured with a Vickers microhardness tester
SHIMADZU type HMV-2 wusing a load
of 0.05 kg (HV0.05). Five hardness indentations
were performed in the central area
of the samples.

3. Results and discussion

3.1 Microstructure evolution after annealing
of ARBed Fe-36%Ni alloy

Fig. 1 shows the orientation imaging
micrographs (OIM) of Fe-36%Ni (wt. %) alloy
samples after ARB processing to 1, 5 and
10 cycles and annealing at 600 °C for 120, 600
and 3600 sec. As reported earlier [2],
the  severely  deformed  microstructure

of Fe-36%Ni (wt. %) alloy was characterized
by elongated ultrafine grains. The grains
underwent a strong refinement (down to 0.5 and
0.2 pm for length along RD and thickness along
ND respectively) after 10 ARB cycles [2].
As can be seen from Fig. 1, a substantial
evolution of the microstructure is noticed during
annealing. The OIM of 1 ARB sample show
a color gradients inside some grains which
indicates that the recrystallization is not
complete after annealing for 3600 sec.
Contrarily, the evolution of the microstructure
for 5 and 10 ARB samples looks similar and
is associated to the apparition of massive and
progressive recrystallization and subsequent
grain growth.

Fig. 1 shows that the microstructural
change during the annealing is similar to that
reported in ARBed pure Cu that was associated
with a typical discontinuous recrystallization
mechanism [10] (Figs. 1e and f). Indeed,
annealing process of pure Cu that is known
to have a low stacking fault energy is different
from that of materials with high stacking fault
energy that are categorized as “recovery-type”
[10]. Zaefferer et al. [5] reported that,
Fe-36%Ni (wt. %) alloy has a relative stacking
fault energy in between those of Cu
and Al wyrela(Cu):yrela(FeNi):yrela(Al)=1:3:7,
yrela=y/Gb (y, stacking fault energy; G, shear
modulus and b length of the Burgers vector).
The authors showed a deformation and
recrystallization texture behavior similar to that
of pure Cu. Moreover, this alloy recovers very
little during cold rolling (dynamic recovery)
owing to its high melting temperature and high
concentration of Ni.

In the peculiar zones shown by inserts
in Figs. 1j-l, a spread of small grains all over
the bonded interface between layers is clearly
seen. The black colored areas (non-indexed
points) in the inserts of Figs. 1j, k and |
correspond to holes at the mid-thickness
interface obtained after the last ARB cycle
(Figs. 1a, d and g).

The presence of clustered small grains
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near the bonding can be associated with
the shear strain induced at the sheet surfaces,
in contact with the rolls, at the cycle before
the last one or can be due to the wire-brushing.
In both cases, this strain induces a strong
germination rate that results in a so small grain
size. Takata et al. [10] have already mentioned
that the presence of fine grains in the bonded
interface was due to the redundant shear
deformation or/and wire-brushing. In our case,
we used a lubricated ARB process that probably
limited shear strain, and it can be supposed that
the fine grains, in the bonding area, are mainly
due to the wire-brushing.

After 10 ARB cycles, the strip thickness
is around 0.97 pum. The mean grain size
measured by the line-intercept method is around
10 um. This result shows clearly that a good
bonding is achieved and the grains can cross
the layer boundaries and grow all over the layer
thickness. In fact, whatever the cycle number,
the low bonding quality of the mid-thickness
interface inhibits the boundary migration and
thus the grain growth.

Fig. 2 shows the evolution of the grain
diameter of all grains as  well
as the recrystallized grains of Fe-36%Ni alloy
after ARB processing and annealing at 600 °C
up to 3600 sec. The grain size was estimated
from the equivalent circle diameter. Concerning
the global grain size (all grains), it is clear that
the grain diameter increases significantly upon
annealing after 5 and 10 ARB cycles especially
after 600 sec whereas it remains quite
constant after 1 ARB cycle. In this alloy,
the recrystallization mechanism corresponds
to a discontinuous recrystallization as it can be
observed in Fig. 1. This recrystallization
consists in nucleation followed by nuclei growth
into the deformed matrix by Strain Induced
Boundary Migration (SIBM) mechanism [10]
and it leads to equiaxed grains. In the special
case of 1 ARB cycle, the appearance
of recrystallized grains is delayed (Fig. 1g)
because of the lower energy stored during
the deformation processing. The grain size

of 1 ARB sample remains constant because
the recrystallized grains have the same
equivalent diameter than the all grains at this
special recrystallization time (Fig. 2, dotted
lines). In the case of 5 and 10 ARB cycles,
the grain size notably increases after annealing
for 600 sec. Note that after 1 ARB cycle,
the microstructure is partially recrystallized
after 3600 sec annealing. On the contrary, for
the same annealing time, the recrystallization
is complete for the two largest cycle numbers.
It has already been observed in the literature
that the growth rate of the grains in the fine-
grained material (like in 5 and 10 ARB samples)
IS some times faster than that of the coarse-
grained material (like in 1 ARB sample)
at the same temperature. Such difference
in the recrystallization kinetics could be
ascribped to the stored energy during
the deformation [11]. Moreover, the achieved
grain diameter after annealing for 360 sec is
close to the initial grain size of the unprocessed
material (8 <d < 10 um) [2]. Unfortunately, this
ARB processing route does not maintain
a refined microstructure after complete
recrystallization, contrary to the ECAE
processing of a Copper alloy (3 um) [12].

Furthermore, it can be observed that
the achieved grain size is slightly more
important after 5 ARB cycles (11 pm) than after
10 ARB cycles (8 um). This can be explained
by the fact that after 10 ARB cycles
the deformation amount is larger, thus
the nucleus number is increased and,
as a consequence, the final grain size is smaller.

Fig. 3 shows the evolution of the twin
fraction as a function of ARB cycle number and
annealing time. The increase of twin fraction
is consistent  with the occurrence
of the discontinuous recrystallization and
the associated grain growth [13]. Additionally,
it is seen that twin fraction after complete
recrystallization is similar (around 40 %)
whatever the ARB cycle number 5 or 10.

Fig. 4 presents the evolution of high
angle grain boundary (HAGB) fraction
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of the Fe-36%Ni (wt. %) alloy after ARB recrystallization for 5 and 10 ARB samples
processing and annealing at 600 °C for 120, 600 (annealing for 3600 sec), which indicates that
and 3600 sec. The evolution of HAGB the alloy is not isotropic (HAGB > 95 %).

fraction shows an increase after 1600 sec The low HAGB fraction (about 40 %)
as recrystallization develops. The HAGB for 1 ARB sample is due to the partial
fraction reaches 80% after complete recrystallization of the sample.

ND

Fig. 1. OIM of Fe-36%Ni (wt. %) alloy after ARB processing to 1cycle and annealed at 600° C for (a) 120 sec,
(b) 600 sec, (c) 3600 sec, 5 cycles and annealed at 600 °C for (d) 120 sec, (e) 600 sec, (f) 3600 sec and 10 cycles
and annealed at 600 °C for (g) 120 sec, (h) 600 sec, (i) 3600 sec. Peculiar zones near bonding zones are shown

as inserts.
(full colour version available online)
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Fig. 2. Evolution of the grain diameter of all grains and the recrystallized grains of Fe-36%Ni (wt. %) alloy
after ARB processing and annealing at 600 °C up to 3600 sec.
(full colour version available online)
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Fig. 3. Evolution of the Twin fraction as a function of ARB cycle number and annealing time.
(full colour version available online)
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Fig. 4. Evolution of HAGB fraction of Fe-36%Ni (wt. %) alloy after ARB processing and annealing ar 600 °C
up to 3600 sec.
(full colour version available online)
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Fig.5 Recrystallized volume fraction versus annealing time of the Fe-36%Ni (wt. %) alloy after ARB processing

and annealing at 600 °C. Data from Reference [5] are shown for comparison.
(full colour version available online)

Table 1

The JMAK parameters variation determined in the present study. Results from Zaefferer et al. [5] are also
reported for comparison.

n k

1 cycle 1.65 -13.36

5 cycles 0.80 -5.33
10 cycles 0.90 -5.33
69 % [5] 1.17 -8.62
85 % [5] 1.38 -9.50
94 % [5] 1.06 -6.92

3.2 Kinetics of recrystallization during they are plotted together for comparison.

annealing of ARBed Fe-36%Ni alloy

Fig. 5 presents the recrystallized volume
fraction, X, versus annealing time deduced from
the microhardness measurements using standard
equation [14] (2):

X (1) = Hv,,, —Hv(t)
Hv, ., —Hv.,

(1)

Where Hv(t) stands for hardness value
attime t, Hvmax IS the maximum hardness
of the as-severely deformed sample (at t = 0)
and Hvpin is the minimum hardness of the
fully recrystallized sample.

Zaefferer et al. [5] have published data

on the kinetics of recrystallization of the same
alloy after cold rolling and annealing at 600 °C,

It can be clearly seen that the 5 (¢ = 4) and 10
(e 8) ARB samples kinetics are close
to the 64 % (e 1.2) cold-rolled sample
kinetics. For only the 1 ARB sample,
kinetics are slower. The recrystallization
of the Fe-36%Ni (wt. %) alloy sample after
5 ARB cycles occurs lately than for the cold
rolled sample despite the closest equivalent
strain (95 % thickness reduction, &€ = 3.45).
The explanation of these findings could be
associated with the processing temperature.
Indeed, material stores more energy during
cold rolling than during hot ARB.

It can also be observed that after
300 sec, the recrystallization in the 5 ARB
sample seems to be more effective than in the
10 ARB cycles. This finding is in line with
the observation made by Beck et al. [15], who
found that the grain boundary migration rate
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was slower in the specimen containing strips.
In our case, the 10 ARB sample accumulated
1024 strips instead of 512 in the 5 ARB
sample.

The kinetics of recrystallization could

also be discussed using the Johnson-Mehl-
Avrami-Kolmogorov (JMAK) relationship [16

— 18] (2) that gives the variation
of the recrystallized fraction  versus
the annealing time:

X (t) =1—exp(—kt") 2

Where X is the recrystallized fraction,
t is the annealing time, k is temperature
dependent and n is the Avrami time exponent.
The n and k parameters can easy been
obtained from the linearization of the JMAK
equation. Table 1 presents the n and k values
obtained for 1, 5 and 10 ARB samples.
Results from Zaefferer et al. [5] are also
reported in Table 1 for comparison.

It can be seen from Table 1 that
the values of the Avrami time exponent n are
around 1 for all samples which indicates
the presence of heterogeneous site saturated
nucleation of recrystallized grains [19].
The n values obtained in this study are
slightly different from those calculated from
data of Zaefferer et al. [5]. This difference
may be due to the processing conditions that
influence the kinetics of the recrystallization.
Indeed, the data of Zaefferer et al. [5] were
obtained for a cold rolled and annealing
samples at 600 °C while in the present study,
they were deduced for hot ARBed samples
(at 550 °C) and annealed at 600 °C.

3.3 Texture evolution after
of ARBed Fe-36%Ni alloy

Fig. 6 shows the calculated ODF sections
at 92 =0, 45 and 65° of Fe-36%Ni (wt. %) alloy
after ARB processing for 1, 5, 10 cycles and
annealing at 600°C for 120, 600 and 3600 sec.
The location of ideal orientations is also

annealing

indicated on the ODF sections. The main ideal
texture components positions of FCC alloys and
their descriptions are given in Table 2.
As already reported by Tirsatine et al. [2],
the texture of as deformed samples showed
the presence of FCC dominant rolling texture
components (Copper, S and Brass). Those
components with a certain grain orientation
distribution affect material proprieties during
the thermomechanical treatment, yielding
valuable information on them properties.
It is worth noting that the texture of the samples
after 1, 5 and 10 ARB cycles and annealing
at 600 °C for 120 sec looks similar to that prior
to annealing (presented in Reference [2]). With
increasing annealing time, a more or less
sharpening of Cube component accompanied by
gradual decrease of Copper, S and Brass
components are depicted. The variation of Cube
fraction as function of annealing time in 1, 5
and 10 ARB samples is shown in Fig. 7.

After one hour annealing at 600 °C
of 1 ARB sample, the Copper, S and Brass
deformation texture components remain present.
There is also a small amount of Cube retained
from the initial state of the alloy (before
deformation) [2]. Figs. 6 and 7 confirm
indubitably that annealing of the 1 ARB cycle
did not affect totally the deformation texture
components that exhibited a sort of stability
even after 3600 sec. At low deformation
straining, the texture is retained because all
the texture components may nucleate.
Moreover, the texture tended to be isotropic
because the twining might operate for all
he texture components and hence generated new
orientations. The global weakening
of the texture should be ascribed
to the occurrence of multiple twinning
as discussed by [20]. This multiple twinning has
already been observed in Al and Cu
monocrystals and did not lead to a random
texture but rather to a noticeable failing
of the texture.

Annealing the samples after 5 and
10 ARB cycles modifies the texture components
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Fig. 6. ODF sections at 2= 0, 45 and 65 ° of the Fe-36%Ni (Wt. %) alloy after ARB processing and annealing at 600 °C for: (a) 120 sec, (b) 600 sec and (c) 3600 sec.
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Table 2
Main ideal rolling texture components of FCC alloys.
Component {hkl}<uvw> Euler Angle
91 () 92
H Brass {110}<112> 35° 35° 45°
A Goss {110}<001> 0° 45° 0°
o Cube {001}<100> 0° 0° 0°
'S Copper {112}<111> 90° 35° 45°
v S {231}<346> 59° 29° 63°
60
r | —#—1cycle Y
S50 @ 5cycles
L | —4&—10 cycles
g 40 - A
g 30
g L
& 20F
o/
= 10F ‘.
© o= "1—
Op&— v

or 1 10

100 1000 10000

Annealing time (sec)

Fig. 7. Cube fraction in Fe-36%Ni (wt. %) alloy afier ARB processing and annealing at 600 °C up to 3600 sec:
(a) 1 ARB cycle, (b) 5 ARB cycles and (c) 10 ARB cycles.
(full colour version available online)

volume fractions and shows an overall decrease
of the Copper, S, Brass deformation texture
components and a net increase of the Cube
component. The development of the Cube
texture after conventional cold and hot
deformation has been well studied in Fe-Ni
system [21-23]. It is worth noting that
annealing of samples after 5 and 10 ARB cycles
leads to the development of a weak (with
volume fraction ranging between 5 % and
2.5 %), Twin Cube (122)<221> (45°, 70.53°,
45°) component as can be seen in Fig. 6. It is to
be noted that this component did not exist in
the deformed material but developed during
the recrystallization annealing.

Extensive  observations by means
of X-ray texture measurements and transmission
electron microscopy (TEM) observations,
including orientation measurement, of first
stages of recrystallization were performed by [5,
20] in cold-rolled Fe-36%Ni alloy. Three

deformation-induced  heterogeneities  that
are lamella bands (LB), cube bands (CB) and
shear bands (SB) were analyzed in relation
to cube texture development. It has been
explicitly shown that LB and SB did not play
any role in recrystallization nucleation
or texture formation. The CB were very
appropriate for the nucleation of cube grains
owing to their high orientation gradient, high
misorientation across the band and well
recovered cells [5, 20]. Since the texture
evolution and kinetics of recrystallization
of Fe-36%Ni alloy after processing by ARB
(present study) and cold rolling [5, 20] are quiet
close, it can be assumed that the same
mechanisms of cube grain formation and
evolution may operate.

After annealing for 600 sec, the Cube
volume fraction in 5 ARB cycles is around
12 % but in the 10 ARB cycles it is just 6 %.
This anomalous effect has already been reported
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in pure Cu processed by ARB and annealed
at 150 °C up to 600 min [10]. These authors
have reported the existence of large amount
of small recrystallized grains formed around
the bonded interfaces and having several
different orientations (similar observations are
reported in Fig. 1). These small grains were
considered hence as principal weakening factor
of the Cube texture development. These
interfaces were previously wire-brushed which
can induce a local area of severe plastic
deformation, an origin of submicronic grain
creation as for example in SMATed alloys [24].
These small grains contain low energy and have
the same probability as Cube grains to nucleate.
As the interface number increases, from 5 to
10 ARB cycles, the random nucleation increases
and leads to a decrease of the Cube fraction.
This texture dispersion can be verified during
the first step of recrystallization (600 sec) and
persists up to the final recrystallization (50 %
and 35 % Cube fraction for 5 and 10 ARB
cycles respectively).

To sum up, the ARB process does not
allow developing a sharp Cube texture
contrarily to what was obtained after high cold-
rolling and annealing knowing that this sharp
texture is often desired for superconductor
applications [25]. An attempt to perform
the ARB process at lower temperatures could
permit increasing this Cube fraction. It remains
to be checked whether a lower temperature
could limit the grain growth. Moreover, it could
be interesting to increase the ARB cycle number
to increase the severe plastic deformation and
then the nuclei number, in order to decrease
the grain size after complete recrystallization.

4. Conclusion

The  microstructure  and  texture
of Fe-36%Ni (wt.%) alloy severely deformed
by ARB up to 10 cycles and annealed at 600 °C
up 3600 sec has been investigated using EBSD,
the main results are summarized below:

- The microstructure of Fe-36%Ni (wt.%)
alloy was not stable during annealing at
600°C.

- The recrystallization kinetics and
texture after  Accumulative Roll
Bonding were similar to those after
conventional cold rolling. The Cube
texture component dominated but with
weaker intensity and volume fraction.

- The recrystallization Kinetics was
expressed by the Avrami time exponent
around 1 for all samples. This value
indicates heterogeneous site saturated
nucleation of recrystallized grains.

- The decrease in Cube fraction between
5 and 10 ARB cycles was probably due
to the presence of small grains at the
wire-brushed interfaces induced by
severe plastic deformation.
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