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Abstract

Heat exchangers in new nuclear power generation plants are made of thin AISI 316L stainless-steel plates stacked together in order to improve
their efficiency and compactness. To ensure the assembly, the global distortion of those plates must be mastered and minimized, mainly by
predicting the evolution of the residual stress field during their manufacturing process chain. During machining, those residual stresses are
redistributed to reach another equilibrium state, leading to a macroscopic part distortion. The main objective of this work is to study
experimentally the influence of the machining toolpath and clamping strategies on the global part distortion. Then, a part distortion model is

developed in order to verify the clamping effect on the distortion.

© 2019 The Authors. Published by Elsevier B.V.
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1. Introduction

Compactness and efficiency are the major advantages of the
future generation of reactors [1]. In fact, nuclear heat
exchangers in these reactors include thin plates made in AISI
316L austenitic stainless-steel.

At the last step of the manufacturing process, the plates are
grooved by milling operation. Residual stresses are then
redistributed [2,3], and new stresses are introduced in the
material [4,5], inducing part distortion.

There are numerous factors that can influence this distortion.
These factors had already been studied by many authors.
Liu et al. [6], using the layer removal method coupled with
numerical simulations, put in evidence a material removal rate
threshold, beyond which the distortion stabilizes. They
concluded that the first passes induce the main distortion and
they considered that after 60% of removed material, part
distortion becomes stable.

2212-8271 © 2019 The Authors. Published by Elsevier B.V.

Outeiro et al. [7] studied the influence of the cutting
parameters on the residual stresses induced by turning AISI
316L. They observed tensile residual stresses at the machined
surface for all the cutting conditions. These stresses increased
with feed and decreased with the depth of cut. According to
Richter-Trummer et al. [8], the residual stresses generated by
high speed machining does not affect part distortion due to the
high spindle rotation speed and feed rates.

Hassini [9] and Cerutti [10] studied the influence of
clamping strategies on part distortion. They showed that the
number of clamps had a negligible influence on the global
distortion but had an impact on dimensional tolerances. Their
conclusions are similar regarding to the influence of toolpath
strategy.

In the present paper, effects of toolpath and clamping
strategies on part distortion were analyzed experimentally, then
a numerical simulation was made. The model of distortion was
developed considering only the clamping force. This model
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does not consider the sequence effect of various machining
stages. Actually, the toolpath strategy and depth of cut are not
included in this present model.

Nomenclature

Ve Cutting speed [m/min]

ae Radial depth of cut [mm]
ap Axial depth of cut [mm]
A Feed per tooth [mm/rev/tooth]

F ’C serew Initial clamping force per screw [N]
F g serew F1nal clamping force per screw [N]

2. Experimental methodology

The geometry of samples after grooving operation was
defined by applying a 5-ratio homothetic transformation on the
dimensions of industrial parts. Fig. 1 shows the comparison
between industrial parts (IP) and experimental samples (ES).
All samples are extracted from a large plate and they are
sufficiently far from the border, thus, it is assumed that all
workpieces (ES) had the same initial distribution of residual
stress.

Fig. 1. Geometry of industrial part (IP) and experimental sample (ES) in
millimeters.

This work focuses on the influence of the clamping system
and machining strategies on part distortion. The influence of
cutting conditions such as the cutting speed V¢, radial depth of
cut ae or cutting fluid (central emulsion) have not studied, thus
they were kept constant for all machining tests. Preliminary
tests were performed according to the tool-workpiece pair
standard (NF E66-520) to determine the cutting parameters
values and to ensure the cutting stability. Table | summarizes
the tests and corresponding conditions that are applied
experimentally.

Table 1. Test plan.

Test Toolpath 1 @ Fow Ve Qe
[mm/rev/tooth] [mm] [kN] [m/min] [mm]

Influence of #1 LMR 0.12 1 5 130 30
initial #2  LMR 0.12 1 10 130 30
clamping 43 LMR 0.12 1 20 130 30
Influence of #2 LMR 0.12 1 10 130 30
depthofcut #4  LMR 0.03 3 10 130 30
Influence of #2 LMR 0.12 1 10 130 30
toolpath #5  MLR 0.12 1 10 130 30

L, M and R represent the designation of the grooves (Left, Middle, Right), the

order corresponding to the machining order.
3. Experimental set-up

End milling operation was performed over parallelepipedal
samples of 200x169%20 mm. During machining, the parts are
located and maintained by an isostatic instrumented clamping
system [11,12]. Fig. 2 shows the various components of this
system. Different force sensors are used: the 9255A
piezoelectric Kistler dynamometer measured the forces
generated during machining in the three spatial directions. The
cutting force is determined, which was used to control the tool
wear. It means that to avoid it, the cutting force should not
exceed a given threshold. Kistler load washers (presented in
Fig. 2 by 1L, 1R, 2L, 2R, 3L and 3R) measured the
instantaneous clamping force in each screw. These values give
information about the part behavior during and after
machining. The measurement error of load washers was
determined during their calibration. This error depends on the
range of the applied forces, which in this case is 0.54%. To
overcome the drift signal issue, an acquisition reset is made
every cutting path (for f2=0.03 mm/rev/tooth) or every five
passes (for £z = 0.12 mm/rev/tooth), and the force gain or loss
is determinate. This permitted to reduce the signal drift.

K-type Fastening part
thermocouple

Load washer
Kistler 9102A

Sample
Dynamometric platform Kistler 9255A

Fig. 2. Instrumented clamping device on a CNC milling center.

The geometrical control of parts is done with a DEA
Coordinate Measuring Machine (CMM). The measurement
uncertainty is 1.6 um. Each part is measured in three different
steps: 1) before machining without clamping; ii) after
machining, before unclamping; and iii) after machining and
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unclamping. The positioning as well as the measurement
program are the same for all parts.

To ensure the repeatability of the experiments, three parts
were machined in similar conditions. The distortion profile is
studied in a plane (XZ) located at Y = 100 mm (Fig. 1). The
average flatness defect is 0.174 = 0.009 mm. Therefore, tests
repeatability was being verified, so each test presented in
Table 1 was made once.

The temperature measurements have been carried out in
order to ensure that the measured values by the load washers
are only caused by the residual stress redistribution within the
part and not due to the expansion of the clamping system
components. The part as well as two clamping screws have
been instrumented with K-type thermocouples. A 2 °C increase
in temperature is observed into the part leading to a thermal
expansion of 0.7 um across the part thickness. However, this
dimensional variation can be neglected due to the acquisition
system resetting.

4. Part distortion model

A 3D model of part distortion was developed and simulated
using SYSWELD, a commercial finite element analysis
software. First, a predefined residual stress state is used in the
model as input data. This initial distribution is obtained after
residual stresses measurements in the part before machining.
These residual stresses are determined experimentally using
both layer removal and neutron diffraction techniques.

One of the aims of the part distortion model is to verify the
presence of a local disturbance of the residual stress
distribution. In this work, the FE-model considers the
clamping/unclamping conditions only. In fact, the finite
elements were removed in one step without considering the
depth of cut neither the toolpath effects. Then, a second step is
applied in order to find a new equilibrium state after removing
the clamping forces (unclamping).

The initial clamping loading is applied as a pressure in Z
direction. This loading is applied on the 2D elements which
define the screw contact as shown in Fig. 3. The nodes of these
2D elements are free along X and Y directions. The model was
defined using 113920 hexahedral elements. The width of each
element varies between 1.8 and 4 mm, the length and the depth
are respectively fixed to 5 and 0.25 mm. The contact between
the part and the dynamometer is defined without friction. In
order to simplify the numerical model, the dynamometer has
been modelized as mechanical boundary conditions in specific
nodes (under the part). An isotropic hardening plasticity model
is used in this simulation.

<> :Pression in Z direction
@ @ @ : 2D clements which define the screw contact

Fig. 3. Mesh and position of pressure application
5. Results and discussion
5.1. Influence of the initial clamping force

Three levels of initial force have been tested (5, 10 and
20 kN/screw). The experimental distortion profiles are

presented in Fig. 4. These distortion profiles are represented by
the variation of the Z dimension along the x-axis.

. e _F'iC.SC/”EM) = 5 kN
F"‘C‘.SC"@W = 10 kN

- _F‘C‘.XL'VE\V = 20 kN
Toolpath: LMR
a,= 1 mm
Y =100 mm
Plan Y=100 s

A Y
T

0 20 40 60 80 100120140160 R

X [mm]

Fig. 4. Part distortion induced by the initial clamping (Tests #1, #2 and #3).

The distortion profile is similar for an initial clamping force
of 5 or 10 kN/screw. By increasing it up to 20 kN/screw, the
global distortion is lower than the ones for the other clamping
forces. The clamping forces create a stress field into the part
which superimposes to the residual stresses field. While
machining, the residual stresses are reorganized, and the
superposition of both stress fields can affect the distortion. This
hypothesis should be confirmed by the numerical simulations
of part distortion.

5.2. Influence of the axial depth of cut

As shown in Fig. 5, the axial depth of cut has a great influence
on the global distortion. This could be explained by the residual
stress distribution into the part. This one has been determined
by X-ray and neutron diffraction techniques. The obtained in-
depth residual stress profile in both X and Y directions (through
the part thickness) shows a compression layer is 0.5 mm.
Between 0.5 mm and 2 mm, the stress is slightly positive. When
removing a 1-mm layer, the tensile-compressive ratio in this
layer is unbalanced, leading to a great distortion. In contrast,
the ratio is more balanced when removing a 3-mm layer,
causing less part distortion after machining.



4 Author name / Procedia CIRP 00 (2019) 000-000

----ap=1mm

ce o a,= 3 mm
Toolpath: LMR

FlC.screw =10kN
Y =100 mm

T T T T T T T T T T L,lfk'
0 20 40 60 80 100120140160
X [mm]

Fig. 5. Part distortion induced by the axial depth of cut (Tests #2 and #4).

The experimental tests also showed that the axial depth of
cut has a great influence on the called sequence effect. This
effect is shown in Fig. 6 and described as follows. Since part is
deforming during machining, the stiffeners sides progressively
lose their parallelism and some areas are machined at several
passes.

EM
: -

30mm

illing tool

-
-

Y,

Bl o E
E | s SE
FREE o -
B 20 100 120 140 160 180 g g
2 A 002 ¢ 8
8|6 30 %;‘::0
g |8 : Test#4 (a,=3mm) | 53
ST 30 40 o000 120 140 160 is0 )

Y [mm]

Fig. 6. Map of the dimension of the left grooves after unclamping (test #2
and test #4)

5.3. Influence of the toolpath strategy

Fig. 7 shows that toolpath has a great influence on the distortion
profile. This observation is in contradiction with the ones of
Hassini [9] and Cerutti [10]. The asymmetry induced by the
LMR strategy leads to a greater distortion than the one
generated by the MLR strategy.

1 - - - Toolpath: LMR|
0144
1 ¢ |- -+ - Toolpath: MLR
012"‘. ‘2 a,=1mm
0104 % ." "
=l 1 ..b : FC.screw: 10 kN
0.084 .', """"""""""""""""""""" f """ Y =100
i ] g = mm
N 0.064 N :f’ s
0.04
0.02 -
0.00 R
0 20 40 60 80 100120140160
X [mm]

Fig. 7. Distortion according to toolpath strategy (Test #2 and #5).

Load washers highlight a heterogeneity of residual stresses
redistribution, while using the asymmetric strategy LMR. As
shown in Table 2, the increase of clamping force between the
beginning and the end of the test is unbalanced. The forces
acting in the right-side washers raises 257 N, whereas the left-
side ones fall 54 N. In case that the stress distribution is
symmetric, these forces in the left side should be close to the
forces in the right side.

Table 2. Clamping forces for each toolpath strategies.

Strategies > LMR MLR

(Test #2) (Test #4)
ZkE[JR,‘ZR,‘.?R} (FZ' 5crew-pAC. screw )k 257N 143N
ZkE{]L,’ZL,’.?L} (Fg‘ screw-FC. screw )k -54N 206 N

FY seren Initial clamping effort

IR, 1L, 2R, 2L, 3R and 3L: Load washers (Fig. 2)

FY seren: Final clamping effort /

5.4. Part distortion model result and comparison with
experimental results

Fig. 8 shows the measured and predicted part distortion
profiles results. This figure shows that both experimental
distortion (Tests #2, #4 and #5 considering the sequence effect)
and simulated part distortion (without sequence effect) have the
same distortion shape. The model predicts a close distortion
than those obtained experimentally. This could be improved by
adding both sequence effect and residual stresses generated by
machining. As demonstrated experimentally in sections 5.2 and
5.3, the sequence effect has an influence on part distortion.
Unfortunately, this effect was not considered in the numerical
simulations.

1
- —— - Test #2
0.12 -~ - Test #4
EO-IO' """""""""""""""""""""""""""""" - - - Test #5
g 008 % - -= - Simulation
:006 Jl~ % s ¥ Plan Y=100
A Y
0.04 1R L
0024 T Rt crr
0.00 T T \\ls‘;l:_:_:?‘/ﬁj T T
0 20 40 60 80 100 120 140 160
X [mm]

Fig. 8. Predicted and measured part distortion profiles (initial clamping
force is equal to 10 kN/screw), tests conditions in the Table 1.
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As shown in Fig. 9, the simulation highlights a local residual
stress distribution different to the remaining part induced by the
action of the clamping system.

Uzz[MPa]

Fig. 9. Residual stress distribution in Z direction after unclamping

(display scale of distortion multiplied by 200)
6. Conclusion

This work shows the influence of the axial depth of cut, the
machining toolpath and the initial clamping force on part
distortion. Experimental tests highlight the great influence of
the clamping system and machining strategy on the global part
distortion. Using strong clamping forces and a large axial depth
of cut allow to reduce it significantly. Contrary to Hassine [9]
and Cerutti [10], toolpath strategy also seems to influence the
part behavior and the residual stresses redistribution. An
asymmetric strategy increases part distortion and unbalances
the residual stress redistribution.

The clamping system generates a local residual stress
distribution different for the remaining parts of the sample. The
part distortion model should be improved in future work. The
sequence effect and the residual stresses generated by
machining will be integrated to accurately predict part
distortions. This future model will be determinant to
understand the experimental conclusions and to validate the
different hypothesizes presented in this paper.
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