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Abstract: Flank milling was used to machine the titanium alloy workpiece, and high residual
stresses were induced by milling in the superficial layers. The stress layers were corroded gradually
and the changes of workpiece’s bending deflection were measured. The stress values in the upper
layers were calculated out based on the values in the bottom layers and the changes of the bending
deflection. At last, the stress values got by this method are prior to the self-balanced state, so the
result rules out the influence from the size and shape of the workpiece. The deformations of
workpieces with different sizes and shapes can be predicted accurately based on these stress values.
The correctness of this method has been verified by Finite Element Method (FEM).

1. Introduction

Metal cutting is a severe plastic deformation process with high temperature, high pressure,
high strain rate, and is also affected by thermal stress and phase transformation '), and there will be
residual stresses induced by machining in the surface layers. Usually the distribution of the stresses
is very shallow (no more than 0.2mm), but the changing rate is very high along the depth direction.

Titanium and its alloys are widely used in aerospace field because of their light density, high
strength, good resistance to corrosion and high temperature ), but the residual stresses will

seriously affect the dimensional accuracy and service performance of the workpieces ©*).

Since the 1930’s, more than ten methods have been used to measure the residual stresses, and
they can mainly be divided into destructive technique and nondestructive technique. The destructive
technique mainly includes hole drilling-method, ring-core method, deep-hole method, sectioning
technique, contour method, etc., the most used one is hole-drilling method; the nondestructive
technique mainly includes barkhausen noise method, X-ray diffraction (XRD) method, neutron
diffraction method, ultrasonic method, etc., the most used one is X-ray diffraction method (491,

Nowadays the most used method for measuring surface residual stresses is XRD method
combined with layer removal. The formation of the residual stresses’ final state will go through two
steps: 1, the formation of the surface residual stresses induced by many factors during the process of
machining; 2, the residual stresses will be redistributed to get a self-balanced state. The size and
shape of the workpiece will seriously affect the self-balanced result. So, in spite of the same cutting
tool, the same material of the workpieces, the same cutting parameters(cutting speed, feed rate and
cutting thickness) and the same cutting conditions(with cutting fluid or not), the final surface
residual stresses may be different. As to predict the deformations of the workpieces accurately, it is
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necessary to measure the stresses values prior to the self-balanced state. The stress values got by

XRD method cannot predict the deformations accurately as they are already in the self-balanced
[10]

state - .

This paper presents a new measuring method, which is based on the changes of the
workpiece’s bending deflection, calculate the stress values from the bottom layers to the upper
layers. Finally, the stress values got by this method are prior to the self-balanced state. The
correctness of this method will be verified by finite element method (FEM) in this paper.

2. Calculation Principle

Fig.1 represents a schematic drawing of the workpiece, the length is L, and the thickness is 4.
The neutral layer is always in the middle position of the workpiece, when any stress layer has been
removed, the neutral layer will be changed as shown in Fig.1.

The removed@' The c>nged neutral layer

Fig.1 The sketch map of the corroded layer and the changed position of the neutral layer

The bending deflection of the workpiece will also be changed by removing any stress layer, as
shown in Fig.2.

The changed bending deflection &V

e

Fig.2 The sketch map of the change of the workpiece’s bending deflection

When the bending deflection is tending towards stability, N layers have been removed, the
thickness of the last layer is Ah,;, and the thickness of the remaining part is 4,,. When the last layer

has been removed, the change of the bending deflection can be seen as completely caused by
releasing the residual stress o, in the Nth layer, so the bending moment can be described

asM, = F.I, :aN-b-AhN-(hN+AhN%.

F, 1is the residual force in the Nth layer, /, is the distance between the Nth layer and the

neutral layer before removing the Nth layer, b is the width of the workpiece. When the Nth layer
has been removed, the change of the bending moment can be described as:

MY =1 :_GN'b-AhN-(hN+AhN% |

N

The subscript N means the change of the moment caused by the residual stress in the Nth layer,
the superscript N means it is the Nth time to remove stress layer. According to the relationship

2
between the bending deflection and the bending moment as the formula: V= M., L KEI » SO

AM ] can also be described as: AM :8EINAV% . E 1s the elasticity modulus of the material,
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3
I, 1s the second moment of inertia after removing the Nth layer, and its value is/, :bhf/lz.

Combining the two expressions, the residual stress in the Nth layer can be described as:

_—4EhAV,
On = %LZAhN(hN ARy (1)

The value got by the formula above is the actual value of the residual stress in the last layer, it
doesn’t need any correction or compensation. The stress value in the penultimate layer can be
calculated out based on the stress value in the last layer and the change of the bending deflection.
The thickness of the penultimate layer is A#h,_,, the change of the bending moment caused by

removing the penu]timate layer is: AM ]]Vv—_ll = _Oy th AhN % .The removal of the penultimate layer
will cause the neutral layer to move Ay, % away from the removed layer, and the change of the

bending moment caused by the neutral layer’s movement is: AM Y~ =¥ bAhyAhy, % .

So when the penultimate layer has been removed, the change of the bending deflection is not
only caused by the releasing of the residual stress in the penultimate layer, but also the residual
stress in the last layer and the changed neutral layer. To change the bending deflection for AV, |, the

total bending moment needed here is: M (AV,_|) = BEL\ AV _1/L2 .

And the the change of the bending deflection caused just by the releasing the residual sress in
the penultimate layer can be described as: AM || = 8ELy AV —I/L2 _OybAhy -IAh% :

So the stress value in the penultimate layer can be described as:

_2AM )]
Oy = AR, (hy_ +Ahy ) (2)
Using the same way of thinking, the stress value in the nth layer from the bottom can be
described as:
b MM

N-n+l — bAhN,,M(h (3)

+ Ah

N-n+l1 N7n+1)

E o bAh. AR
N-n+l 19 Nentl 8E1~'—n+|AV\"—n+x m=N-n+1 " A "
The value of AM """ is: am) "' =""" ; . /

2

L

With the calculation method above, stress values in all layers will be calculated out at last.

3. Experimentation
3.1 Machining the Workpieces

The titanium alloy work piece is as shown in Fig.3 (a), the material is Ti6Al4V. First,
annealing treatment was performed on the workpiece to remove the initial residual stresses, and
then flank milling was used to machine the workpiece. The parameters for the last cutting are:

v,=35m/min, f =0.04mm/z, a,=lmm, a,=20mm. The machined workpiece is as shown in Fig.3

(b).

The thickness of the remaining part is 2.2mm, the length of the clamping part is 25mm. When
measuring the bending deflection, the part chosen is 110mm in the middle part of the workpiece.
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(a) The unmachined workpiece (b) the machined workpiece

Fig.3 The workpiece before and after machining

3.2 Chemical Milling

Here hydrofluoric acid was chosen as the corrosive as it can accelerated corrosion, and nitric
acid was chosen as oxidant as it can inhibit the production of hydrogen to improve the property of
the milled surface ["'). 704 silicone was used to protect the surfaces that don’t need to be corroded.
The workpiece was dipped in the corrosive, and then the corrosive was washed away immediately.

3.3 Measuring the Thicknesses of the Removed Layers and the Changes of the Bending
Deflection
Before chemical milling, the initial bending deflection of the workpiece was measured with

laser displacement sensor, as shown in Fig.4, and a curve S, was got. After chemical milling for
the first time, the thickness of the removed layer is A# =10.9 um. The bending deflection of the
workpiece was measured again and another curve S, was got. Subtracting §, from S, , a
parabola was got as shown in Fig.8, it is the change of the workpiece’s bending deflection.

Fig.4 Measure the workpiece’s bending deflection with laser displacement sensor
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Fig.5 The change of the workpiece’s bending deflection caused by the first corrosion

The steps above were repeated until there were almost no changes in bending deflection after
corroding for several times, it showed that the stress layers have been removed completely.
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4. Calculation Result

In the experiments, when the workpiece was corroded for the first 12 times, there were obvious
changes in bending deflection, but after that, there were almost no changes, so it can be concluded
that the stress layers had been completely removed till then. Based on the experimental datas and
the deduced calculating formulas, the stress values were got as shown in Fig.6.
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Fig.6 The curve line of calculated residual stresses

5. FEM Validation

A model of the workpiece was created in the software of Abaqus, and it was splited
corresponding to the removed layers. The upper left and upper right edges’ translational degree of
freedoms were limited except for the length direction, to make sure the model can bend freely. The
stress values above were applied to the model, as shown in Fig.7 (a). Since a self-balanced state was
obtained, as shown in Fig.7 (b), there are some differences in the distribution of the residual stresses.
As mentioned above, the differences are related to the shapes and sizes of the workpieces, and the
stress values obtained from this method are prior to the self-balanced state.

The elements were removed layer by layer to simulate the process of layer removal. Each time
when one layer of elements were removed, the balanced state will be disturbed and a new balanced
state will be obtained. After that, the bending deflection of the workpiece will also be changed.
Comparing the changes of the bending deflection calculated by the FEM to that obtained from the
experiment, refer to Fig.13, it can be found that the two curves are coincident with each other very
well.

||
||
.
—
||
||

e - —o.4s4JETUL

(a)Part of the model prior to the self-balanced state (b) Part of the model in the self-balanced state

Fig.7 The distribution of the stresses before and after the self-balanced state
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Fig.8 The contrast of the bending deflection values got by measurement and that by FEM

6. Summary

The relationship between the changes of the bending deflection and the residual stresses has
been analyzed, based on the deduced formulas and the measured bending deflections, the residual
stresses can be calculated out. Applying the calculated stress values to the FEM model, and the
analysis result has verified the correctness of this measuring method.

(1) Based on the actual meaning of the bending moment and the changes of the bending
moment, the stress values were calculated out from the bottom layer to the top layer, until the
residual stresses in all layers have been calculated out;

(2) Chemical milling was used to remove the material and release the residual stresses layer
by layer, measuring the thickness of the removed layer and the change of the work piece’s bending
deflection provides reliable dates for calculating the residual stresses;

(3) Comparing the changes of the bending deflection calculated by FEM and that got in the
experiments, it can be seen that they are coincident with each other very well. So it can be
concluded that the stress values got by this method can predict deformations of workpieces with
different sizes and shapes accurately, and it is very helpful to improve the accuracy of the
workpieces in practice.
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