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Abstract

This paper presents the results from a set of experimental anditediopal studies of the effect of asymmetrical residual stress on machining
distortion of Al-7050 alloy. Aluminum coupons were physicdibited together for heat treatment to generate the asymmetrical residas
profiles; which were measured using neutron diffraction methoterbulk of the samples after the heat treatment stage, and affestthe
machining stage to investigate the residual stress redistribution. A macHiastogion model was successfully implemented to investigate
comprehensibly the impact of the layer material removal in terms of ddpthsan the redistribution of the residual stress profile intgp#re

and how this redistribution influences the distortions in the cougus.ifivestigation allowed determining a robust machining approgeiblea

of predicting the final desired distortion tolerance after clamping, irrespeafithe highly asymmetric residual stress condition of the coupon
On machine inspection and CMM measurements were also doned@t&dlie outcomes of the machining distortion model.

© 2019 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the scientific committee of The QIRP Conference on Modelling of Machining Operations,
in the person of the Conference Chair Dr Erdem Ozturk and Co-chairsmbMEteay and Dr Rachid Msaoubi.
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1. Introduction 3 mm. For aluminium thin-walled components (less than 3mm
thickness), the machining process induces stresses by plastic
In order to meet industrial demands of high productivity andleformation affecting distortion [3].
to reduce lead times, many aluminium aerospace structural In order to avoid distortion related problems, manufacturing
components need to be manufactured faster and with very higompanies sometimes increase the number of operations on a
precision [1]. Regardless of the advantages of high speé&dial and error” basis, change the work holding strategy, or
machining of aluminium alloys, part distortion in “shot peen” the part to correct for distortion, all of which
manufacturing is an issue [1]. Distortion, one of the outcomédsacrease production costs and time [4]. It should be noted that
of the residual stress imbalance profile within the componentjthough some of these techniques relieve the stresses, they are
is the main cause of scrap in a manufacturing environmestill sufficient enough to cause large distortions especially for
especially within the machining sector due to componenthin monolithic structures.
exceeding the tolerances imposed in high performance It was not until the exploitation of numerical analysis in the
components. early 1990°s that the first machining distortion models were
Machining distortion for aluminium alloys is highly created to help generate a better understanding of distortion in
influenced by the residual stresses carried forward from the hegreater detail [5]. Following on from this a substantial amount
treatment process, more so than other aerospace allayswork was done in this area to understand, control and
(titanium, nickel, stainless steels [2]), and is not due toptimize distortion in manufacturing [6][7][8].
machining induced stresses for structures with thicknesses over

2212-8271 © 2019 The Authors. Published by Elsevier B.V.
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Previous research has not disatssthe machining 2.2.Machining tests
distortions in the presence of highly asymmetrical residual
stress carried forward from the heat treatment procEss A Cincinnati FTV 5 machine was used for the experimental
present work is focused on the selection and implementation fafice milling machining trials. All coupons were constrained
a finite elementKE) model as the tool to predict the desiredusing finger clamps holding the sample at 25 mm from each
distortion regardless of the highly asymmetrical residual stregnd leaving a space of 200 mm for machining as shown in

condition of the part. Figure 2. The objective of the machining trial was to finish off
the coupons with a thickness of 20 mm regardless of the
2. Experimental study position of the machined section, and a distortion tolerance

after clamping of 50 um was s&he machining parameters are

In order to generate the residual stress profilescamgout  provided in Table 1. The axial depth of cut of the fist cut was 2
the subsequent distortion analysis, two 250 x 100 x 50 mmmm on both coupons. This increased to 3 mm. For cuts number
rectangular coupons were prepared from an Aluminium alloyL0, a 1 mm axial depth of cut was taken, followed by a final 3
7050 billet. Counterbore holes were created in order physicalljmm depth of cut.
bolted together the coupon for heat treatment. Two ridges were —
created on the middle of the side faces of each coupon with
dimensions of 5 x 10 mm. The ridges were created to have a
reference  measurement location where  distortion
measurements would be monitored throughout the machining
trials.

2.1.Heat treatment for asymmetrical residual stress profiles

Finger clamps

For the generation of the asymmetric bulk residual stress
profiles the pair of coupons were heated to 477 °C in a furnace
as shown in Figure 1; and then quenched in normal tap water at
20°C (+/-3°C). The blocks were quenched following the Hear_rable 1. Machining parameters
Treatment Standard for Aerospace alloys ARIF0[9].The

Fig. 2. Experimental set up for machining distortionlgsia

selected dimensions of the samples were based on a number &¢°' holder 25 mm diameter Sandvik R79¢
limiting factors; the furnace size, the quench tank size, and thdnsert Grade H13A X 3

mass of the speciems as they needed to be manipulated by Cutting speedu.) 730 m/min

hand. The temperature on the surface of the samples waseed ratef) 0.2 m/min

monitpred by a thermocouple. The operators sample handlin%ial depth of cut,) 0.4 -3mm

techmq_ue during the quenching procedure was monltoredRaOIial depth of cuta,) 25 mm

extensively.

To measure the distortion on the machine after each cut, a
Renishaw MP700 probe was used. The probe had a 100 mm
styli and 6 mm diameter ruby tip with a repeatability of 0.35
um [10]. Additionally, a coordinate measuring machine
(CMM) was used for post machining distortion measurements
Bolts using a Leitz LSP-X1H probe with a 20 mm styli and a 3mm
diameter.

3. Finite element model

DEFORM 2D/3D v11 (Scientific Forming Technology Co-
operation) was used for stress and machining distortion
simulations in this research. DEFORM simulations have
previously been found to be useful in the prediction of

Neutron diffraction (ND) measurements were carried out by'@chiningdistortion and residual stresses [11] and to have
reater flexibility when compared to other finite element (FE)

the Australian Nuclear Science and Technology Organisatioﬂ hod hi K an imolicit code for |
(ANSTO) in order to capture the asymmetrical residual streg@ethods. This package uses a Lagrangian Implicit code for its
profiles in the blocks. The experimental residual seeatter numerical calculations to predict the machining deformation
quenching and the redistributed residual sessafter the and has been found to be capable in previous research work for

machining of top face are compared with FE predictions ii"® Prediction of machining distortion [11][12].
Section 4.

Fig. 1. Heat treatment strategy to generate asymnresidual stress profiles
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3.1.Heat treatment model set up 4. Resultsand discussions

The heating up of the couponsaswimulated from room 4.1.Asymmetrical residual stress analysis
temperature to solution temperature (477 °C) over a period of
5 hours. The comparison between the FE models and measurements
The heat treatment model was created using an elastis-illustrated in Figures 5 andI6can be seen that the FE model
plastic, Newton-Raphson iteration, and Langrangiarpredicts the asymmetric residual stresses well for experimental
incremental methad For the simulation to generate an coupons 1 and 2 with around 10 % difference respectively.
asymmetric stress profile, an inter-object relationship was set
up for the two workpieces joined together as shown in Figure

(a)); and the heat transfer coefficient (HTC) (Figure 3 (b)) was 1009
applied on the external faces of both parts except where the twa - _ M/i\
samples are in contact with each other. 2 /}'4 - : \i\
The HTC used was generated by recording the temperature +; 0 "N
within the coupon on the surface, the middle thickness and the @ -30 -20 /*" -10 0 10 X\ 20 30
bottom surface using thermocouples and converting this to the @ -0 i
heat transfer coefficient usirginverse formulation within the .%’ 100 &
FE software to generate the appropriate HTC for this material ¢ "
(Figure 3b). a -150
Measurement position (mm)
| —=—Coupon 1 -+-FE Model |

[
=1

Fig. 5. Asymmetric residual stress measurements from quenching pafcess
coupon 1 compared with FE model.
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Fig. 3 (a) Inter-object relationship to model the two wadges joined; (b) a R R : ) W
Heat transfer coefficient profiles used during the gherg simulation % a0 20’ 13 50 9 12 {"\\ 20 3B
e ;
3.2. Machining distortion model set up 3 -100 r
w
Q
o
After the heat treatment process; the machining distortio -150 _
model wasset up for the asymmetric residual stress model. Th Measurement position (mm)
machining distortion simulation was performed by deleting | —~~—~Colpoii2 ~+-FE Model

elements on the heat treatment model, at a similar location as 6 A i dual st o i 5

. . . . 19. symmetric residual stress measurements from quencning pracess o
the _experlmental trials. The (_alement deletion was done usmg coupon 2 compared with FE model.
an internal BOOLEAN function in the DEFORM software.

During material removal simulation, the sample Wwas gynerimental residual stress measurements were also taken
constrained in all directions by the boundary conditions at thggar the machining of the top face of the coupons, and
locations shown in Figure 4. During material removal, th&,mpared with the FE model. Figure 7 and Figure 8 illustrate
residual stress redistributes depending on depth of cut. In ordgf5; the FE model predicts the trends, but overestimate the
to achieve equilibrium during this redistribution, distortions aqiqual stress data of coupons 1 and 2 with 22 % (positions -
occurs 5, 5 to 20 mm) and 28 % (position -5 mm to 0 mm, 10 to 20
mm), respectively. Note that differences of over 100 % were
found in the bulk at the centre line location (0 mm) of coupon
1 (Figure 7); and at 5 mm from the centre line for coupon 2
(Figure 8). The figures also show that the stresses have
redistributed asymmetrically and have reduced by 70 % after
the machining of the top face.

Boundary condition

Fig. 4. Boundary constraint applied to machining distortion eled
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Fig. 7. Asymmetric residual stress profile after machining thefaep of Fig. 9. Machining distortion comparison between FE expgerimental data
coupon 1 for the asymmetric residual stress of coupon 1
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Fig. 8. Asymmetric residual stress profile after machitiirggtop face of Fig. 10 Machining distortion comparison between FE and erpantal data
coupon 2 for the asymmetric residual stress of coupon 2
4.2.Machining distortion analysis Generally, great distortions occur after fixture release and it

is crucial to control those distortions at the point of release

After the residual stress analysis of the quenching processegardless of whether an optimized distortion strategy was
a FE-based virtual machining distortion simulation study wasachieved during machining. The distortion magnitude in turn is
carried out by applying Boolean operations to propose thmfluenced by the amount of stresses generated during
experimeral selection of the machining cuts. In order tomachining. Figure 11 and 12 illustrate the CMM measurements
propose the different cuts, the virtual simulations were used tand the results of the simulations after the fixture relelse
investigate comprehensibly the impact of the layer materiaheasurement points (1-5) were taken at the mid width bottom
removal in terms of depths of cut on the redistribution of thesurface of the coupon. It can be seen from Figure 11 that the
residual stress profile into the part, and how this redistributiodistortion prediction for pointsand 2 have a difference of over
influences the distortions in the component. Finally, thisl00% and 50% respectively. For Figure 12, the distortion
investigation allowed determining a robust machiningprediction has a maximum error of 100% and 20% for points 1
approach capable of predicting the final desired distortiomnd 2. Both models under predicted the distortions for points 3
magnitudes irrespective of the highly asymmetric residualo 4 as shown in Figure 11 and 12.
stress condition of the part.

The FE model accurately predicted the trend in the top face 60
machining distortion for coupon 1 with a difference of 18 %;
however, after machining the bottom face of the same coupon
the FE model predicted the tendency of the experimental
distortion profile, but the magnitude was largely over predicted
with a maximum of 42 % difference (Figu®®. This was not
the case for coupon 2 with an under predicted difference of 27 0
% for the top face and an over predicted 38 % difference for 1 2 3 4 5
the bottom machined face (Figuté). Similar to the results Numberetpelut;
obtained from the symmetric residual stress profile coupons | —Coupon 1-Experimental - Coupon 1-FE Madel |
the FE model and measurement data were in acceptable
agreement for the top face machining. The major differencefig- 1_1. CMM distortion measu_reme_nt after fixture aske compared to the
between the models and distortion data were observed from distortion of the asymmetric residual stress FE modebopon 1
phase two machining (bottom face machining), which could be
due to the model not predicting the stress distribution
accurately as previously discussed.

40

Distortion (um)
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