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This paper is proposing to validate a three-dimensional model on manufacturing tolerancing for mechanical parts. The work presented relies on research conducted at the LURPA (Ballot and Bourdet) on the computation of three-dimensional tolerance chains for mechanisms. Models of the workpiece, the set-ups and the machining operations are provided. The concept of the Small Displacements Torsor (SDT) is used to model the process planning. The first part introduces the use of the concept of SDT in the case of manufacturing tolerancing. Then we propose, for a chosen workpiece, an experimental approach to mesure and quantify the three-dimensional machining variations as torsors. At last, an analysis of the results is proposed. KEY WORDS.
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1. Introduction In the context of integrated design and manufacturing it is essential to take into account the geometrical variations of parts of a mechanism. This should allow validating the correct functioning of the mechanism during the first steps of design. These analyses have to generate an optimal tolerancing, integrating two points of view: - Functional point of view (functional tolerancing of parts): each part of a mechanism is toleranced to insure the respect of functional constraints in the mechanism. - Manufacturing (or machining) point of view (machining tolerancing at each set-up): every active surfaces of the workpiece at each set-up are toleranced to insure the respect of functional tolerances of the part.



For the manufacturing (or machining) point of view, knowing the process planning, the usual method described in papers is the following: - Generation of minimal Manufacturing Tolerance chains: each dimension and its tolerance are modelled as a ve ctor. - Machining simulation: for each Manufacturing Tolerance, the expert knowhow gives a realistic minimal value. These minimal values are used to check if the part can be manufactured according to Manufacturing Tolerance chains and functional tolerances. - Optimisation: when the manufacturability has been checked it is usually possible to enlarge some tolerances in order to facilitate manufacturing. - Result: the resulting Manufacturing Tolerances are linear tolerances for each set-up. The papers take up the whole or a part of the above fields to model [BAL 95, JI 99], to optimise [NGO 99] or to define cost approaches [HE 91]. They accent on process planning assistance [TSE 99], set-up choice or product/process integration [ZHA 96]. They describe statistical models or worst-case models. But, in every quoted reference, the approach is unidirectional. It does not take the influence of rotation defects into account. Nevertheless, the three dimensional effects are not inconsiderable, especially when the lever arms are long. The aim of our work is a three-dimensional approach in manufacturing tolerancing. Some works about 3D approaches of the CAT problem can be found in literature [MAT 91, DES 94, TEI 97, LAP 98] and, especially, in the field of manufacturing tolerancing [KAN 95, CLE 96] or in product/process integration [DUP 96]. They differ in models used, just as well to describe the surfaces of the parts as to model the sum of the defects. Some rely on a three-dimensional interpretation of geometric tolerances [TEI 97]. Others use matrix tools inspired by robotics [KAN 95], tensors [CLE 96] or torsors [DUP 96] to simulate the sum of the defects. Others, at last, rely on commercial three-dimensional tools, based on Monte-Carlo methods, to optimise tolerances. The method we propose relies on research conducted at the LURPA [BAL 95] on the computation of three-dimensional tolerance chains for mechanisms. Starting from these works, we proposed a formalisation of the problem within the more specific context of manufacturing tolerances. The main originality is to model the machining set-up as a mechanism [LEG 99, VIL 99]. This work is based on the concept of Small Displacement Torsor [BOU 96]. It opens up the way for the three-dimensional integration product/process because of the similarities between the concepts used in both points of view. The works described in this paper concern the experimental studies carried out to valid the presented model. The aim is to answer to the following questions: - Is it possible to identify the parameters of the model in a real machining job ? - Which experimental method has to be carried out to identify these parameters ? - Which experimental law is applicable to the identified parameters ?



-



Is it possible to predict the three-dimensional behaviour of a mass production of parts ? The first part recalls the principle of the modeling of surface variations with small displacement torsors as well as its application to the manufacturing tolerancing. The second part describes the experimental process and the results obtained on a machining job. 2. Modeling of the 3D machining process defects



The works of E. Ballot and P. Bourdet [BAL 95] model the interactions between the parts of a mechanism, so as to predict the position and orientation variations of these parts in a three dimensional space. The variations are supposed to be small enough to use the concept of the Small Displacement Torsor (SDT) [BOU 96] excepted for the expected movements of parts. This principle is generally verified in all mechanisms as the presence of 'unwanted' degrees of freedom goes against the working of the mechanism considering the risks of jamming, of premature wear or of shocks (vibrations) that they generate. The main idea consists in considering that the displacements of a rigid body or a surface, excepted for the expected movements, are supposed small as regards the other geometric dimensions (i.e. the nominal dimensions). The small rotations can then be linearized in the first order. Knowing DE, the small displacement vector of a point E of the element considered and M, the small rotation matrix expressed in a frame of reference, the small displacement DPi of any Pi point of the element is obtained by: D Pi = D E + M ⋅ EPi β  −γ  0   0 [1] = DE +  γ − α  ⋅ EPi − β  α 0   = D E + Ω ∧ EPi with Ω = αx + βy + γz where α, β and γ are the small rotations of the element, and D E = ux + vy + wz where u, v, w are the small translations of the point E and ∧ is the cross product. The Small Displacement Torsor {Telement }( E,ℜ) of the considered element expressed in a frame ℜ is: α  Ω αx + βy + γz  {Telement }(E,ℜ) =  =  = β D E ux + vy + wz γ 



u  v w ( E,ℜ)



[2]



Ω , a SDT at point Oi, expressed in the frame ℜ i . Let us consider {T}(Oi ,ℜi ) =  D Oi This SDT at point O, expressed in the frame ℜ 0 , becomes: R



⋅Ω



{T}(O,ℜ ) = R 0,i ⋅ (D



(



) )



[3] T Oi + R 0,i ⋅ OO i ∧ Ω  0,i with R 0,i the rotation matrix from ℜ 0 to ℜ i and OOi the translation vector 0



from ℜ 0 to ℜ i expressed in ℜ 0 . Applying this concept to ‘single’ surfaces such as planes, spheres, cylinders, cones, torus, requires the introduction of undetermined components in the expression of the components of the associated torsor. These undetermined components are noted U; they reflect the components that leave the surface invariant in its local frame. For instance, for a plane:  αx + βy + Uz Tplan OP =  [4] Ux + Uy + wz



{ }



where OP is a point belonging to the plane and ℜ a local frame of reference such as z is the normal of the plane. To compute operations on these torsors, the two following properties have been defined: Property1 : ∀a ∈ R; a + U = U [5] Property 2 : ∀a, b ∈ R 2 ; a ⋅ U + b ⋅ U = U The model developed for mechanisms has been enhanced to simulate in three dimensions the behaviour of a workpiece being machined. The manufacturing of a part consists in creating new surfaces on a stock in a series of set-ups. Each set-up, noted Sj, is considered as a mechanism in itself made up of the following parts (figure 1): - The part holder H, built upon the set-up surfaces Hi. - The part in the state it is in at the end of the set-up (called workpiece P). It is built up, on the one hand, on the previously machined surfaces (or on the stock surfaces) and, on the other hand, on machining features that result from the machining operations of the considered set-up. Each surface of the workpiece is noted Pi. - The machining operations Mk built upon the surfaces Mki that result from the combination of the kinematics of the machine-tool used and the geometry of the tools. Considering that the part cannot be deformed, then the surfaces created previously to the set-up considered are invariant. Hence Pi, once it is machined, remains invariant. To makes things clearer, the part holder and the machining operations are systematically named H and Mk though they differ from one set-up to the next. They will be distinguished by their set-up number Sj.
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Figure 1. Components of a set-up Sj, milling of a slot.



Each real surface of the part holder, the workpiece or the machining operations are modelled by a substitution surface. The substitution surface is a modelization of the real surface by a surface with a typology similar to the theoretical (or nominal) surface. It is considered that the variations of the substitution surfaces machined on the part as well as the variations of the part holder and the machining operations are of the second order relatively to the dimensions of the elements, which allows to model them thanks to a small displacement torsor. 2.1. Definition of the characteristic torsors For each set-up the following SDTs are defined: 2.1.1. Part holder (Figure 2) TR,H(Sj) : TH,Hi(Sj) :



global SDT of the part holder H relatively to its nominal position in set-up j. deviation torsor of the surface Hi relatively to its nominal position on the part holder in set-up j.



2.1.2. Machining operation (Figure 3) TR,Mk(Sj) :



SDT of a machining operation relatively to its nominal position in setup j. TMk,Mki(Sj) : deviation torsor of the surface Mki relatively to its nominal position on the machining operation Mk in set-up j. 2.1.3. Interface part holder/workpiece THi,Pi(Sj):



gap torsor that expresses the characteristics of the interface between the workpiece and the part holder at the level of the joint Hi/Pi. In the context of the machining of a part, theses joints are organised hierarchically, i.e. the main support is ensured before the secondary one and so on. We will hereafter consider that the parts do not interpenetrate at the contacts.



TH,H31(10)



T H,H21(10)



T H,H11(10)



T H,H22(10)



TH,H13(10) T H,H12(10)



〈ℜ〉 TR,H(10)



Figure 2. SDTs of a part holder (Set-up 10).



2.1.4. Workpiece TR,P(Sj) : TR,Pi(Sj) :



TP,Pi :



SDT of the workpiece relatively to its nominal position in set-up j (positioning variations of the workpiece within the set-up). deviation torsor of the machined surface Pi relatively to its nominal position in set-up j (variations linked to the machining). This torsor is the result of the removal of matter during the machining Mk on part P. deviation torsor of the surface Pi relatively to its nominal position on part P. It is not known at the beginning of the solving of the problem.



Let us call Sj the set-up at which Pi is manufactured by the machining operation Mk. TP,Pi is obtained with: TP,Pi = −TR,P(Sj) + TR,Pi(Sj) [6] The deviation of a surface Pi relatively to its nominal position on the part depends upon the variations of the machining operation that generates Pi within the set-up Sj (TR,Pi(Sj)) and the positioning torsor of the part within the set-up (TR,P(Sj)).
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Figure 3. SDTs of a machining operation (Set-up 10).



2.2. Three-dimensional tolerance analysis and synthesis in machining To validate a process planning, it has to be proven that each functional tolerance of the part will be respected considering the variations due to the process. The effect of these variations on the parts thus has to be calculated. It is the aim of tolerance analysis. To tolerance the workpiece at each set-up (machining tolerancing), the machining tolerances have to be increased while respecting the constraints due to the functional tolerances. It is the aim of tolerance synthesis [ZHA 96]. In both contexts, the relations established can be used. Consider a functional tolerance between two surfaces Pa and Pb of part P. This functional tolerance can be expressed by means of a SDT TPa,Pb. Consider also a process plan built up of several set-ups Sj for the machining of part P, TPa,Pb is: TPa,Pb = TPa, P + TP,Pb == − TP,Pa + TP,Pb [7] Consider S1 (respectively S2) the set-up where the surface Pa (respectively Pb) is machined, equation 7 becomes:



TPa,Pb = − (− TR,P(S1) + TR,Pa(S1) ) = + (− TR,P(S2) + TR,Pb(S2) )



[8]



The workpiece's SDT TR,P(Sj) in set-up Sj depends on the variations of the support surfaces of the workpiece and the part holder's surfaces opposite. It is obtained by the coupling of the torsors associated to each joint part/part holder. Thus, for any positioning surface in set-up Sj one gets: TR,P(Sj) = TR,H(Sj) + TH,Hi(Sj) + THi,Pi(Sj) + TPi,P = TR,H(Sj) + TH,Hi(Sj) + THi,Pi(Sj) − TP,Pi [9] Considering the position variations of the part holder within the set-up TR,H(Sj) equals to a nil torsor, TR,P(Sj) becomes: TR,P(Sj) = TR,Hi(Sj) + THi,Pi(Sj) − TP,Pi [10] Let us replace TR,P(Sj) by its expression according to the positioning in the set-up considered, equation 8 becomes: TPa,Pb = − − (TR,Hi(S1) + THi,Pi(S1) − TP,Pi ) + TR,Pa(S1)



[ ] + [− (TR,Hi(S2) + THi,Pi(S2) − TP,Pi ) + TR,Pb(S2) ] = − [− TR,Hi(S1) − THi,Pi(S1) + TP,Pi + TR,Pa(S1) ] + [− TR,Hi(S2) − THi,Pi(S2) + TP,Pi + TR,Pb(S2) ]



[11]



The positioning surfaces Pi of the part in a set-up are machined in former set-ups, so the same calculation is used recursively as many times as necessary. It is then possible to express with a three-dimensional expression that a functional specification depends on: - The geometric variations of the part holder at each set-up, TR,H(Sj), and the gap between the workpiece and the part holder, THi,Pi(Sj). - The geometric variations of the positioning surfaces of the part, TP,Pi. - The geometric variations of the surfaces machined at each set-up, TR,Pa(Sj). It is particularly interesting to note that the simple case of “direct tolerancing” is in close correlation with equation 11. In this case, Pa and Pb are machined during the same set-up S1 and the small displacements between both surfaces only depend on the machining variations of theirs: TPa,Pb = − TR,Pa(S1) + TR,Pb(S1) [12] The general method of three-dimensional manufacturing tolerancing is now established. In order to contribute to the automation of this method, a module able to identify the global SDT of the part in a set-up TR,P was developed. This module uses the data-processing software Mathematica. The functioning of the module is detailed in a forthcoming paper. 3. Experimental workpiece, part holder and machining process In order to carry out tests of machining and measurements to calculate the components of the deviation torsors, we have defined a test part, its machining process and the part holder. Only one set-up of the machining process is studied. We have chosen a prismatic part. The machine-tool on which were held the tests is the 4 axis milling center of the LURPA. A series of 45 parts was produced. The other criteria taken into account are evoked hereafter.



3.1. Part We have chosen a massive part in order to be been free from possible problems of part deformation. The workpiece material is a plain carbon steel containing 0,48% carbon. 3.2. Part holder The part holder (figure 4) realize an isostatic positioning of each workpiece in order to ensure an optimal repeatability of workpiece positions. This led us to design a modular assembly made up of NORELEM elements. Three grinded positioning devices, whose surface of contact with the part is a 10 mm diameter disc, carried out the main joint. The secondary support is carried out by two supports of the same type. The tertiary support is obtained by a spherical surface. Finally the maintenance in position of the part (clamping) is ensured by three flanges. They are facing the main positioning devices in order to minimize the deformation of the part during clamping. 3rd joint
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Figure 4. Part holder and workpiece.



3.3. Machining process The machined surfaces in the considered set-up are the planes hatched on figure 4 as well as the three holes. The operations carried out before this set-up made it possible to obtain a semi-finished state compatible with the finishing operations on which we wish to make the identification.



The previous operations were: a) Centering, center drill. b) Drilling, drill ∅ 19.6. c) Contourning, roughing end mill ∅ 30. d) Boring semi-finishing, boring bar ∅ 20.5. e) Contourning semi-finishing, HSS end mill ∅ 20. So, the finishing operations in the studied set-up are: a) Contourning finishing, HSS end mill ∅ 21.3 (axial depth of cut = 1 mm, radial depth of cut = 0.7 mm). b) Boring finishing, boring bar ∅ 21 (radial depth of cut = 0.4 mm). 4. Measurements All the parts were measured with a Coordinates Measuring Machine with the measuring software PROMESUR. Thus, taking into account the possibilities of the software, we adopted the process described hereafter.
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Figure 5. Measurements – local coordinate frames.



4.1. Reference coordinate frame The results of measurements are expressed in the reference coordinate frame ℜ. It is defined by the three datum surfaces used during machining (figure 5): - the lower plane SR1 whose normal gives the z axis,



-



the plane SR2, perpendicular to SR1, whose intersection with SR1 gives straight line DR1 defining the x axis, - the plane SR3, whose projection of a point (measured in the zone of the contact with the part holder) on DR1 enables us to define the origin of the reference coordinate frame. The third direction is automatically defined in order to build a Cartesian coordinate system. For the whole of these measurements, the points were measured in the support zones of the fixture in order to minimize the effects of the form defects and perpendicularity defects. 4.2. Measurements of the manufactured surfaces The measured surfaces are: planes PL1 to PL6, cylinders CY1 to CY3. Each measured element is automatically associated with optimized (least squares algorithm) perfect element computed from the points measured on the surface. Taking into account the identification software, it is impossible to get the coordinates of these points. It was thus essential to carry out geometrical constructions in order to extract from measurements the elements needed to calculate the deviation SDTs. Thus for each plane, three points P1, P2 and P3 belonging to the nominal plane are built in ℜ then projected onto the associated plane. Thus, we obtain a representation of the theoretical plane associated with real surface. For the cylinders, only the position of their axis is useful for calculations, so, we just need to build the intersection points between each axis with the higher plane and lower plane SR1. 5. Calculation of the deviation torsors 5.1. Local coordinate frames For each measured element, it is necessary to define a local coordinate frame in which calculations will be done. For the side milled planes (PL1, PL2, PL3 and PL4): the zi axis is perpendicular to the plane, xi axis follows the feed direction and yi is parallel to the end mill axis. For the face machined planes and the holes, the reference axis x, y and z are used. 5.2. Deviation torsors of the planes For any point belonging to a plane, its displacement is given by: D Pi = D E + Ω ∧ EPi , where E is a chosen point on the plane. Knowing the expression of the deviation torsor of a plane in its local frame: α U u  {Tplane }(E,ℜ plane ) = β Uv  U w   γ 



(E,ℜplane )



For each point of the plane P1, P2 and P3 we can write the three following equations:  xRi − xi = U x + β ( zi − zE ) − U γ ( yi − yE )   yRi − yi = U y + Uγ ( xi − xE ) − α ( zi − zE ) z − z = w + α( y − y ) − β (x − x ) i E i E  Ri i where the index R indicates that they are the coordinates of the points of the theoretical plane associated with real surface, in opposition to nominal coordinates. Let us consider now that the point E is arbitrarily chosen at the point P1 of each plane, and retain only the equations exploitable to calculate the solution (i.e. those where do not appear an undetermined). One obtains for each plane, the following system of linear equations:  zR1 − z1 = w   zR 2 − z2 = w + α ( y2 − y1 ) − β ( x2 − x1 ) z − z = w + α( y − y ) − β (x − x ) 3 1 3 1  R3 3 So, the torsor components at point E in the local coordinate frame associated to the plane are obtained with: α   0     β  =  y2 − y1  w  y − y    3 1



0 1 x1 − x2 1 x1 − x3 1



−1



 z R1 − z1     z R 2 − z2  z −z   R3 3 



5.3. Deviation torsors of the holes We are interested only in the position defects of each cylinder defined by its axis. This last is defined by its two extreme points. Considering E a point chosen arbitrarily on the axis: α u  {Tcylinder }(E,ℜcylinder ) = β v  U U  w  γ



(E,ℜcylinder )



For each point P1 and P2 ends of the axis, we have:  xRi − xi = u + βU w − U γ ( yi − yE )   yRi − yi = v + U γ ( xi − xE ) − α ( zi − z E ) z − z = U + α( y − y ) − β ( x − x ) w i E i E  Ri i



All the points belong to the axis, so: xi = xE and yi = y E , ∀ i . Let us consider moreover that the point E is arbitrarily chosen at P1.



We obtain then, by considering only the equations without undetermined:  xR1 − x1 = u y − y = v  R1 1   xR 2 = u + β ( z2 − z1 )  yR 2 = v − α ( z2 − z1 ) so: α  1     β  0  u  = 1     v  0



0 0 1 z1 − z2 0 0 1 0
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−1



 xR 2 − x2     yR 2 − y2   x −x   R1 1   yR1 − y1 



6. Results and analyses The results shown on figures 6, 7 and 8 are the components of the torsors resulting from calculations. The curves represent the results for the side milled planes (figure 6), the face milled planes (figure 7) and holes (figure 8). These data have been putted together considering the similarities between them.
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Figure 6. Results for side milled planes.
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Figure 7. Results for face milled planes.
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Figure 8. Results for holes.



Before analyzing of the values we have obtained, we will explain the significance of these various geometrical parameters when it is possible. For the side milled planes, α represents rotation around the feed direction, β the rotation around the



milling spindle axis. Thus, excluding the defects related to "adjustable" parameters (part holder orientation and position), we can do the following assumptions: - α integrates the problems involved in the deformations of the machine-tool components (particularly the cutting tool), - β integrates the defects of the machine-tool displacements during machining and the displacements from one workpiece to another one. For the face milled planes: α is rotation around x and β that around y. Only α integrates the influence of the machining efforts. For the holes, it is more difficult to propose a significance a priori for each parameter. 6.1. Analyze of the side milled planes We clearly distinguish four distinct areas for the rotation component α. These four areas correspond to the replacements of the end mill due to wear. The evolution of α follows then a slope characteristic of the tool wear. On the other hand, we see that the values of w for the side milled planes (figure 6) are problematic. Indeed the variations from one part to another can reach up to 0.7 mm on the series of the first 16 parts where there is no tool replacement. These values are a priori much too high considering the machining process we use. Let us analyze, for plan PL1 for example, what is really measured compared to the model described before. We identify TPi,PL1 , Pi being the positioning surfaces of the workpiece. However, TPi,PL1 = TPi,P + TP, R + TR,PL1 so, taking into account equation 10: TPi,PL1 = TR,PL1 − TR, Hi − THi,Pi If it is admitted that the part holder does not move from one part to another, TR,Hi is the same for the whole series. So, the measurements we have done take into account the sum of the machining defects ( TR,PL1 ) and the gap SDT between the part holder and the workpiece ( THi,Pi ). Considering the evolution of β (figure 6), we can suppose that there is a rotation from a workpiece to another around z but there is always contact at the tertiary joint. So, we must find smaller variations of w calculated at a point facing the support (figure 9). Evolution of w
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Figure 9. w facing the tertiary joint.
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