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Abstract

Tensile residual stresses are very often generated on the surface when machining nickel alloys. In order to determine their influence
on the final mechanical behaviour of the component residual stress stability should be considered. In the present work the evolution
of residual stresses induced by machining in Inconel 718 under static loading at room temperature has been studied. An Inconel 718
disc has been face turned and specimens for tensile tests have been extracted from the disc. Then surface residual stresses have been
measured by X-ray diffraction for initial state and different loading levels. Finally, a finite element model has been fitted to
experimental results and the study has been extended for more loading conditions. For the studied case, it has been observed that
tensile residual stresses remain stable when applying elastic loads but they increase at higher loads close to the yield stress of the

material.
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1. Introduction

Nickel based and titanium alloys are the most used in
the aerospace industry as they offer higher mechanical
strength, chemical resistance and thermal conductivity
than steels [1]. However, due to these excellent
properties, these superalloys are very difficult to
machine and the final surface integrity of a machined
component can be affected. In fact, over the last decade
many research studies have been focused on workpiece
surface integrity and functional performance [2] and
extent literature reviews overviewing different
parameters of the surface integrity of machined nickel
and titanium alloys have been carried out [1,3].

Among the different parameters that characterize the
final surface integrity of a workpiece, residual stresses
induced during machining have covered remarkable
attention. Usually, when machining nickel and titanium
alloys, tensile stresses are generated on the surface
which can reduce the fatigue life of a part [4]. This is an

important aspect to be considered when manufacturing
critical components. Nevertheless, residual stresses can
vary along the lifetime and their stability should be
analyzed in order to quantify their real influence on the
component behavior [5]. Under the application of
mechanical or/and thermal energy, elastic deformations
related to residual stresses can be relaxed if they are
transformed into plastic deformations [5]. Basically,
residual stresses can be modified due to mechanical
loads (static or cyclic), thermal exposure or crack
extension [6]. In 2007, McClung carried out a literature
survey about the stability of residual stresses induced by
shot peening and similar surface treatments, cold
expansion of holes, welding and machining processes,
observing very few researches about machining [6].

The nickel based alloy Inconel 718 bas been selected
for this study, which is used 50% by weight in the case
of modern engines [7]. Several authors have already
studied the stability of residual stresses generated in
Inconel 718. Prevey et al. [8] analyzed thermal
relaxation of residual stresses induced by shot peening,
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gravity peening and laser shock peening. They found
considerable relaxation of residual stresses even in short
thermal exposures (=10 min) and the relaxation also
showed adependence with the percentage of cold work
generated by the mechanical treatment. More recently,
Hoffmeister et al. [9] studied the thermal relaxation of
compressive residual stresses induced by shot peening,
and propounded a modified Zener-Wert-Avrami-
equation to determine residual stress relaxation for
different time exposures and temperatures. On the other
hand, Zhuang and Halford [10] carried out an interesting
work by finite element method to finally obtain an
analytical model capable to predict residual stress
relaxation under cyclic mechanical loads. They analyzed
the relaxation of residual stresses induced by shot
peening, laser shock peening and low plasticity
burnishing, demonstrating that it depends on: initial
residual stress state, amount of cold work, cyclic load
amplitude and mean value, number of cycles and
material strain-stress behavior. In one of the latest
works, Hoffmeister et al. [11] analyzed residual stress
relaxation of shot peened Inconel 718 specimens after
isothermal static and cyclic loading. They observed that
compressive residual stresses relaxed under static
loading until tensile residual stresses were built and
during cyclic loading residual stresses relaxed almost
completely in the first cycle. It can be concluded there
are no studies about the stability of residual stresses
generated by machining which are usually tensile on the
surface in contrast to compressive residual stresses
induced by peening treatments.

The aim of the present paper is to analyze the stability
of residual stresses generated by machining in Inconel
718 under mechanical static loading at room
temperature. For this purpose an Inconel 718 disc has
been face turned and specimens extracted from the disc
have been loaded at different stress levels. Initial stresses
and final residual stresses have been measured by X-ray
diffraction. Finally, a finite element model has been
fitted to experimental results and the study has been
extended for more loading conditions.

2. Materials and experiments

Inconel 718 rolled sheet with average grain size
(G=7) and hardened by precipitation was selected for
this study. The chemical composition of the material
supplied by the manufacturer can be observed in table 1.

Table 1. Chemical composition of Inconel 718 rolled, supplied by the
manufacturer

C Mn Fe S Si Cu
0.054 0.24 Bal <0.002 0.1 0.08
Ni Cr P Ti N Mo
53.1 18.4 <0.005 0.97 3.06

Table 2. Cutting conditions

Cutting conditions  Cutting speed (m/min) 70
Feed rate (mm/rev) 0.4
Depth of cut (mm) 0.3
Coolant yes
Tool Tool insert Dog bone shape
WC coated
Rake angle (°) 0
Clearance angle (°) 7
Cutting edge inclination 0
angel (°)

Cutting edge radius (um) 30+5

Nose radius (mm) 4

As it is schematically represented in Fig. 1, upper and
lower intermediate surfaces (grey area) of a 10 mm thick
ring shape part was face turned in a Danobat vertical
lathe, reducing the thickness of this region to 4 mm. The
cutting conditions employed in the present study to
machine the ring shape part are summed up in table 2.
Both surfaces were machined with coolant and applying
the same working conditions: cutting speed (70 m/min),
feed rate (0.4 mm/rev) and depth of cut (0.3 mm). A
4 mm nose radius dog bone shape fresh WC coated tool
was used to machine each surface. Then, specimens,
whose longitudinal axis was aligned with the radial
direction of the machined disc, were extracted by electro
discharge machining to perform subsequent tensile tests.

First of all, tensile test at room temperature were
carried out to obtain the material’s strain-stress curve
and determine material’s yield stress (1180 MPa) to use
it as reference in the later tests. Then interrupted tensile
tests were carried out in three specimens to study
residual stress stability. Each specimen was loaded in
tension at room temperature to reach a maximum stress
level over the yield stress in the calibrated section
(1220 MPa, 1300 MPa and 1350 MPa) and then
unloaded. Before performing these tests, initial surface
residual stresses (Orsp) Were measured on both surfaces
in the middle of the specimens (point A) in the axial
direction as it is shown in Fig. 2. Final surface residual
stresses (Ogrsp) were measured at the same points in the
tested specimens. In the specimen loaded up to
1220 MPa additional measurements were done at points
B and C, where the nominal stress was kept below the
yield stress.
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Fig. 1. Schematic representation of the machined ring shape disc

Fig. 2. Specimen geometry and residual stress measurements points

Initial and final surface residual stresses were
measured in the longitudinal direction by X-ray
diffraction technique, employing a PROTO iXRD
diffractometer and analyzed with XrdWin software. The
tube voltage was 20 kV and the tube current 4 mA. The
diffraction plane was {3 1 1} and a 2 mm diameter area
was irradiated by a MnKa (A=2.103 A) radiation.
Measurements were carried out in mode Q with 7
inclinations. The diffraction elastic constants used in the
measurements were these: -S;=1.61¢10-6 [MPa'l],
Y5 $,=7.14% 10-6 [MPa™'].

3. Finite element model

The surface-core model is a simple model that
enables to analyze the uniaxial residual stress stability
[12]. The model is based on a prismatic rod which is
divided into a thinner surface layer and a core region.
State-specific strain-stress properties and initial surface
residual stresses are assigned to the surface layer and
raw material’s strain-stress properties to the core region.
Axial surface and core residual stresses are assumed to
be effective within these regions and both regions are
submitted to equal total strain when loading. This model
has been employed in numerous research works to study
the relaxation of compressive residual stresses induced
by shot peening and similar treatments under mechanical

loads [13]. Recently, Hoffmeister ef al. [11], used the
surface-core model to analyze residual stress relaxation
of shot peened Inconel 718 specimens after isothermal
static and cyclic loading, observing good agreement
between experimental and calculated results.

In the present work the surface-core model was
implemented in the commercial Abaqus Standard finite
element software to analyze surface residual stress
stability (the use of multiple-layer model is required to
study residual stress variations in depth). For that
purpose, assuming plane stress behavior, a small
longitudinal section (2 mm long and 2 mm high) of the
calibrated region of the specimen was modeled. As it is
shown in Fig. 3 the load was applied in the longitudinal
direction on the left side and longitudinal movement was
restricted on the right side whilst symmetry conditions
were employed on the bottom side. This section was
divided into a 4 pm thick surface layer and the core
region. The strain-stress response of the material
previously obtained in rupture tensile tests (see Fig. 5)
was assigned to the core region. Nickel based alloys
such as Inconel 718 are prone to work-hardened when
machining [1]. As reported by Pawade et al. [14] the
local yield stress of the machined surface, depending on
the working conditions, can be increased even up to 1.8
times the yield stress of the core material. The yield
stress of the surface layer used in the present work was
estimated based on full width at half medium values
obtained by authors in a previous study [15], where
residual stresses generated in Inconel 718 under similar
working conditions were measured by X-ray diffraction
method. Taking into account the methodology developed
by Nobre and co-workers [16], the new yield stress of
the surface layer was predicted using equation (1), where
oy is the new yield stress, oy, is the initial yield stress,
AH is the change in the diffraction width, H, is the
initial diffraction width and y is a material dependent
constant.

o, =a, (Hy%} n

o

On the other hand, experimentally measured initial
surface residual stress (average value) was introduced in
the surface layer in the longitudinal direction assuming
that they were homogenous throughout this layer. In
Fig. 4 a small region of the finite element model is
shown, where initial surface residual stress is only
introduced in the surface layer. In order to analyze
numerically the surface residual stress stability the
model was loaded to 1220 MPa, 1300 MPa and
1350 MPa nominal stress levels and final surface
residual stresses were measured in the longitudinal
direction after the unloading. Once having fitted the
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calculated final residual stresses and experimental
results, the study was extended to a wide range of loads.

Fig. 3. Finite element model. Boundary and loading conditions
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Fig. 4. Detail of initial surface residual stress
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Fig. 5. Core and surface material’s strain-stress curves
4. Results and discussion
4.1. Experimental results

Initial surface residual stresses generated by the
machining process were measured in the longitudinal

direction at different points as explained in section 2.
They gave an average value of 776 MPa, which is 66%
of the yield stress of the core material. Although it
depends on the cutting conditions, tensile stresses are
usually induced on the surface of Nickel based alloys
when turning. Residual stresses introduced by machining
process depend on the thermal effect, which induces
more tensile stresses, and mechanical effect associated to
machining forces, which leads to more compressive
stresses. Therefore, in the present work the thermal
effect prevailed over the mechanical effect.

Fig.6 and Fig. 7 show the residual stress variations
Aors = Orsy Orst regarding applied stress and core plastic
strain respectively. As it can be seen in Fig. 6 surface
residual stresses on the middle of the specimen increased
almost 100 MPa when applying 1220 MPa and very
little plastic deformation of the core occurred (see Fig.
5). For this loading condition surface residual stresses at
points B and C of the specimen (see Fig. 2) did not vary
at all, as neither the surface nor the core were deformed
plastically. When loading the specimen up to 1300 MPa
again the surface residual stress increased but less
(around 70 MPa). Nevertheless for the maximum applied
load used in the present study (1350 MPa), the surface
residual stress was reduced 170 MPa.

The evolution of the surface residual stresses found in
the present work has also been observed by other
researchers, especially when analyzing the stability of
compressive residual stresses induced by peening
treatments. Some of these works are summed up by
Schulze [13]. For example, initial compressive residual
stresses in shot peened AISI4140, TiAI6VS or
AlCu5Mg?2 rapidly became tensile once the applied load
reached a certain tensile stress value, but by increasing
the load even more residual stresses began to decrease
and finally turned to compressive. This evolution of
surface residual stresses under tensile loading depends
on the relations of yield strengths and work-hardening
rates in the surface layer and the core [13]. Initially
residual stresses became more tensile because the core
yielded first and after that residual stresses became even
more tensile as the surface work-hardening rate was
greater. Finally, residual stresses reduced at higher loads,
associated to a greater work-hardening rate of the core
material.

1200 1300 1400

Acyps [MPa]
g

Applied stress [MPa]
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Fig. 6. Surface residual stress variation under different applied loads
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Fig. 7. Surface residual stress variation vs plastic strain generated in
the core

4.2. Numerical results

In Fig. 8 surface residual stresses obtained by the
finite element model for a wide load range and surface
residual stresses measured by X-ray diffraction method
(open circles) are compared. Two material models were
used to calculate final surface residual stresses. One
model, as explained in section 3, employed different
properties in the core and in the surface, as it was work-
hardened during machining. The second model, built to
complement the discussion section, considered the
strain-stress properties of the core for the whole model.
The values calculated with the first model are
represented by continuous line and the stresses
determined with the second model are drawn by an
interrupted line. In addition, Fig.9 depicts the difference
between the plastic strain generated in the core region
(&p,core) and the plastic strain induced in the surface layer
(&p,surp) for the studied applied load range.

Residual stress changes that occur in the surface layer
can be explained by equations (1) and (2). Initial residual
stresses vary if there is a difference Ae, between the core
region plastic strain and surface layer plastic strain. As
both, surface layer and core region, must experience the
same deformation, surface layer is elastically stretched
(Agequp) and core is elastically compressed (-Aggore) 1f
Ag, > 0. Consequently, the final surface residual stress
increases by summing EAeg.q,s to the initial surface
residual stresses. If Ag, < 0, the surface layer is
elastically compressed and final surface residual stress is
lower than initial stress.

Agp = gp,core - gp,surl" = 7Age,core + A‘ge,surl‘ (2)
Orst = Orso + EAE g 3)

The model which considered the surface work-
hardened layer was capable of reproducing the evolution
of surface residual stresses. As it can be seen in Fig. 8
initial surface residual stresses remain invariable until a
1180 MPa nominal load is applied. Initially, the core
becomes yielding whilst the surface layer is within the
elastic region, and thus, the surface layer must be
stretched to fulfill deformation compatibility after
unloading (see Fig. 9). When increasing the applied load
over 1180 MPa, the plastic strain difference Ag,
increases and therefore, residual stress becomes higher
until a maximum tensile stress is reached. After that,
residual stress becomes to decrease, as do Ag,: Finally, at
higher loads, the plastic strain difference Ag, turns
negative and final surface residual stress becomes lower
than initial stress. This occurs due to differences in the
work-hardening rate, at higher loads the core exhibits a
higher work-hardening rate.
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Fig. 8. Surface residual stress evolution under different loads
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Fig. 9. Core-Surface plastic strain difference under different loads

The mechanical properties of the surface layer are
crucial to determine accurately the evolution of residual
stresses under different static loads. In order to clarify
this point results obtained by the two finite element
models are compared in Fig. 8. It clearly shows that if
the same material properties are attributed to the whole
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model numerical results differ substantially from the
experimental data. Indeed, if same properties are used in
both regions, residual stresses are predicted to remain
constant until a 420 MPa load is applied. When applying
this load, the sum of the initial stress and the applied
load is higher than the yield stress and the surface
becomes yielding whilst the core is elastically deformed
(Ag,<0) as can be seen in Fig9. Therefore, surface
residual stresses decrease for higher applied loads, as the
plastic strain difference magnitude increases, and they
are almost removed when the applied load exceeds the
yield stress of the core material.

5. Conclusions

The main conclusions of the present work are the
following:

e For the studied case, initial tensile surface residual
stress became even more tensile when applying loads
higher than the material yield strength. This occurs
due to the higher plastic strain suffered by the core
compare to the surface layer. Nevertheless, a shift
was observed at the highest applied load (1350 MPa)
and initial residual stress was relaxed about 170 MPa
as at higher loads the surface plastic strain was
greater than the core’s. This particular behavior is
associated to the different work-hardening rate of the
surface layer and the core.

o A finite element model based on the surface-core
model has been built and compared with experimental
data. Results have shown good agreement, and
therefore the model is capable of explaining the
evolution of surface residual stresses under static
loading.

e The importance of attributing local stress-strain
properties to the surface. If the same material is used
for the whole model, deformations generated in the
surface layer and core region will not be calculated
accurately and consequently residual  stress
predictions will be very far from the experiments.
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