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Abstract. A new general formulation of powder compaction mechanics based on  continuum mechanics concepts is presented.  The general governing equations are developed, and the analysis of  both dynamic and quasi-static compaction of powders in cylindrical dies is presented.  In the analysis a constitutive relation of isotropic viscous porous solid model for the powders, linear relation forms between strain and strain rates and modified mechanical properties relations similar to those developed in rock mechanics and geomechanics are used. Subsequently, the stresses and densities distributions throughout the compact including the friction conditions at any time are shown to be achieved.  The preliminary results conducted on di-pac-sugar powder, uniaxially compacted at constant compression rates ranges from 10-4/s to 102/s, were encouraging. The theoretical models developed are in excellent agreement with the experimental data, particularly those obtained for densities and viscosities.  The variation in both cases is found to be less than 5%.

Introduction

Mass production of compacts from a powdery substance has created the need for a complete stress analysis of the compaction process [1-4].  At present, testing, modeling and analysis of powder deformation are entirely based on a "bulk" concept. This belongs to the traditional strength of materials approach.  It is surprising that such old analysis techniques are still in use, at a time when important advances in continuum mechanics and numerical analysis have been achieved.  This is true in the field of compressible solids, and typical of the current bulk approach to testing and studying powder compaction [2-7].

In order to predict the quality of a manufactured compact, a comprehensive stress analysis is needed to assess the history of stresses and the resulting patterns of residual stresses [1-6].  This is an important step in order to insure the success and efficiency of 

the process and reduce losses in the powder industry.  Once a reliable theoretical and numerical analysis tool is available and certain basic experimental data about mechanical properties of the powder are provided, numerical simulations on the computer would go far beyond what laboratory testing can achieve.  

Unfortunately, general theoretical analysis of the mechanics involved in the compaction process is very scarce in spite of a few scant attempts that can be found on soil and rock mechanics [8-10].  Therefore, many fundamental aspects of the process are still obscure.  

Hence, the key to a complete and comprehensive understanding of the powder compaction process is believed to be the continuum mechanics approach.  This type of analysis is useful and essential for powder compaction in particular and compressible solid materials in general [11-12].  However, it is important to point out that, for powders, density is an additional dimension that has to be properly considered in a continuum analysis.  So far, this issue has not been handled successfully [13-16].  The mechanical properties of a compactable particulate substance cannot be adequately described by a single set of values but by a set for each of several representative densities across a density spectrum.

In this paper, these issues and others are addressed, where a complete theoretical formulation of powder compaction, based on the continuum mechanics concepts is presented.  The general dynamic compaction of powders in closed cylindrical dies, including the effect of inertia and friction conditions involved in the process, as well as the quasi-static condition are considered.  The governing differential equations of the process are developed, and the solution of such system, employing finite difference technique is suggested.  Also, the achievement of the subsequent stresses, densities, and temperatures distributions throughout the compact at varying friction conditions at any time during the process is shown.  The analysis assumes a constitutive relation of isotropic viscous porous solid model for powders, with linear-relation forms between displacements and velocities, and utilizes modified relationships of mechanical properties found in rock mechanics and geomechanics [8,17].  Finally, the models developed are compared with the experimental data and some typical preliminary results are included.

Theoretical Formulation of Compaction

Following the recent general dynamic compaction analysis developed by Es-Saheb [18, 19], and employing the cylindrical coordinate system, the relevant formulation and analysis are briefly presented next for both, the dynamic and  quasi-static compaction in closed dies.

The powder dynamic compaction in cylindrical closed-die

From the dynamic compaction analysis, which include the inertia and the external friction effects [18], the following system of equations describing the compaction process  is  obtained, see Fig. 1. 
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Fig. 1.  (a) Typical scheme of the powders closed-die pressing;   (b)  Infinitesimal element.

(I)
The equation of motion as;
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       (1)

where s is the theoretical powder density,  the relative density VZ the axial displacement, t  the time, r  the radius, and  the powder 'viscosity';  

(II) 
The compatibility equation,
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(III)
The constitutive equation in the form;
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and; (IV)  The boundary conditions in the form,
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and,
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and
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where  is the coefficient of friction between the powder and the compacting tools.  Also, the initial conditions are, at  t = 0,  
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The powder quasi-static compaction in closed die.

Now, since the case of compaction is static, then the inertia terms can be eliminated.  Also, neglecting the external friction, we have, Vz = Vz(Z) only, then ( = ((t) only (i.e. average constant value); (rz = 0 and ( = 0.  Thus the general system of equations, given above, could be rewritten as;

(I) 
The equilibrium equation,
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(II)
The compatibility equation,
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(III)
The constitutive (stresses) equations, then will be as,
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and: (IV) The following boundary conditions
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The solution of Eqn. (10) is;  Vz = AZ + B;  But,  B = 0; because at  Z = 0;  Vz = 0.  Thus, we get,



Vz = AZ



           (14)

where the constant A, can be found from the boundary conditions.  Hence from Eqn.(7) (Vz/(Z = A, and substituting this into Eqn. (13) we get, 
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Thus,
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Therefore, the axial strain rate is,
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and for the internal stresses (within the compact volume) we get,
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meanwhile for the radial pressure on the die surface we have,
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Now, from relating the degree of compaction (C) and the relative density (), we have,
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and, thus the radial pressure will be given as
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Now, to determine the final density and degree of compaction we should integrate Eqn. (11), which by employing Eqn. (16) can be rewritten in the form, 
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Consequently, performing the integration will give,
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Powder 'Viscosity' and Density

The main relation that could be used for determining the 'powder viscosity' is given by Eq. (7), which becomes as,
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where 
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 are the displacement-time and degree of  compaction-time functions respectively. Usually, from experiments the two main curves of pressure-time and displacement-time can be obtained.  However, if external friction between powder and punches and die is neglected, a simple expression for powder viscosity could be obtained and given as,
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Of course, it is better to investigate the viscosity of a powder over a wide range of relative densities, strains, and strain rates and then represent it as a function in the form,
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where o, n1, n2 and n3 are constants, J2 and 
[image: image38.wmf]2
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 are the second invariants of strain and strain rate tensors respectively.  But, in this case a large number of tests are necessary to be conducted. Again this type of extended work will be the subject of further future publications. At this stage, however, the calculations of viscosity will be limited to the available tests [20,21], and employing the expression given by Eq. (24) as will be shown in the next section.

Now by substituting Eqn. (24) into Eqn. (23), we obtained the following general formula for density calculations;
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However, if we use the final compaction values (i.e. after compaction) a simpler expression for the density calculation with less accuracy can be obtained, and having the form,
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Calculations and Results

As stated above, it is important to emphasize that, the main concern in this work is to present a new general theoretical formulation for the powder compaction mechanics. Consequently, the implementation of such formulation in describing, solving and assessing real compaction processes and achieving meaning-full results is essential. Thus, the main procedure to get the results could be by employing the well known finite volume method, in which the column of a powder is divided into small volumes and the representing differential equations in the form of finite difference [22,23].  The finite difference procedure and the needed computer program are, now, under development and the early preliminary results are very encouraging. However, tremendous effort is still needed in this regard in order to achieve a complete professional package incorporating all the aspects and merits of this formulation. Hence, the essential  reliability and validation of the formulation as a whole can be, then,  assessed. Also, the comparison of the results with the published experimental data in this field, which is of most importance, can be conducted. The discussion of these issues and the complete construction of the program together with the obtained results and comparisons, are out of the scope of this paper and, will be the subject of future publications.  

However, at this stage of the work, to show  the merits of this formulation and its power  in solving the powder compaction problems, it is suggested to consider the powder uniaxial compaction process. This is,  mainly,  because of the following : (i) This process is widely used in many industries in the field of powder technology, (ii) It is relatively simple to implement,  and (iii) Intensive experimental data is available in the literature for such a process. Thus, for convenience and benefit completion,  di pac sugar powder compacted uniaxialy is selected as an illustrative example. The uniaxial compaction data for this material, in particular,  is available in literature  [7, 20, 21]. Briefly, the uniaxial compression of this material was carried out using a hydraulic compression machine[2, 21], fitted with cylindrical 10mm flat-faced punches. The constant compression rates chosen ranged from 0.0014 to 14/s, which encompasses the range encountered during research using physical testing machines in industry.  For each test,  the measurements of axial displacement and compaction force were performed using a multi-channel u.v. recorder. Consequently, the axial strain, the relative density, the strain rate  measured during compaction and the applied pressure  (axial stress)  were calculated. At selected points, on the u.v. plots,  along the time scale, deflections of the axial displacement transducers and load cells traces were measured.

Having calibrated these transducers and load cells before, it was possible to convert these deflections into force (kN) and displacement (mm), respectively. Knowledge of the punches cross-sectional areas, the initial compact height, the powder mass and its true density, enables the force to be converted to pressure ( stress), and the displacement to strain, strain rate and the relative density, to be calculated. However, at each rate, a mean curve was chosen as being representative. These representative curves were plotted on common axes for the material. Each curve is evaluated from a large number of experimental points obtained from more than one test [2, 7, 20, 21]. Typical examples of this plot for di pac sugar powder , compacted over this strain rate range for the average densities and viscosities ( i.e. shear yield strength) are reproduced and shown in Figs. 2 and 3, ( see dashed lines) respectively.  Then, typical average viscosities and densities are theoretically calculated, for the same tests, employing Eqs. (24) and (26) respectively. These theoretical plots are also displayed in Figs 2 and 3 ( see solid lines). 


Fig. 2 The average density variation of uniaxially compacted di-pac-sugar powder at three different speeds.


Fig. 3. The variation of the average final compact “viscosity” of di-pac-sugar powder with the axial strain rate of compaction.

Thus,  Figs. 2 and 3 show the variation of the calculated experimental (i.e. dashed lines) and theoretical (i.e. solid lines) average densities and final average viscosities (i.e. the shear stresses) with the axial applied pressure at different constant compression speeds. From Figs. 2 and 3 it is clear that the theoretical models developed compare very well with the experimental data.  For the compression rate investigated, the differences are found to be less than 5%.  Meanwhile, the average final compact "viscosities" (i.e. shear stresses) obtained at five different speeds are found to be about half the mean yield strength values of uniaxial case, calculated by Heckel relation [5], see Fig. 3.   For more details on,  experimental techniques, material, calculations, properties and data, refs. [2, 7, 20, 21] can be consulted.

The simple worked examples and calculations, for the uniaxial compaction of di pac sugar powder, are presented to consolidate the general formulation developed, and to illustrate, simply, the practical use of these relations in calculating the fundamental performed properties such like the density and viscosity.   However, as stated above and for the various compaction techniques and conditions, if the complete stresses, strains, and densities histories, as well as the subsequent distributions of these quantities together with the radial stresses, and other characteristics and properties are required, then, the development of a general solution of this formulation using the well known finite volume method is essential.  This suggested solution technique together with the results and the developed computer program will be the subject of future publication.

Conclusion

A complete theoretical formulation of both the dynamic and quasi-static compaction of powders based on the continuum mechanics concepts is successfully achieved.  The analysis assumes an isotropic viscous porous solid model for powders with linear displacement and velocity relations, and modified mechanical properties relations similar to those used in rock mechanics and geomechanics.  Also, the inertia and friction effects are successfully incorporated in the formulation.  The validation of the process together with the 'powder viscosity' determination are discussed and documented. The very few preliminary findings showed excellent agreement between theoretical models and experimental results. The deviation in the average densities and average final viscosity (i.e. shear stress) calculated for di pac sugar powder, uniaxially compacted, are found to be less than 5%.  Also, the final shear stresses (viscosities) obtained are found to be about half the normal mean yield strength values of the powder.
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يكانيكا تدميج المساحيق : صياغة نظرية عامة جديدة

د. ماهر حمدي الصاحب

قسم الهندسة الميكانيكية – كلية الهندسة – جامعة الملك سعود

ص . ب 800  الرياض 11421 – المملكة العربية السعودية
( استلم في 31/05/2000م،وقبل للنشر في05/12/2001م )
ملخص بحث . تم ، في هذا البحث ، تقديم صياغة نظرية عامة وجديدة لميكانيكا تدميج المساحيق مبنية على مبادئ ميكانيكيا الأوساط المتصلة . فقد تم أولاً ، تطوير المعادلات العامة الحاكمة ومن ثم قدم تحليل شامل لتدميج المساحيق في قوالب إسطوانية لكل من حالتي السكون والحركة (الاستاتيكا ، والديناميكا ) . وقد أستخدمت في هذا التحليل علاقات بنيوية لتدميج المساحيق متمثلة في استعمال نموذج " لصلب حبيبي متجانس لزج " ، حيث تم تبني علاقة خطية بين الانفعال ومعدلات الانفعال من جهه وعلاقات للخصائص الميكانيكية المعدلة للمساحيق شبيهه بالعلاقات المستخدمة في ميكانيكا الصخور والميكانيكا الجيولوجية . وباستعمال هذه الصياغة النظرية أمكن الحصول على توزيعات الإجهاد والكثافة عبر كامل المدمج في كافة مراحل التدميج المتعاقبة ، متضمنة أيضاً تأثير ظروف الاحتكاك . وكانت النتائج الأولية التي أجريت على مسحوق السكر المدمج محورياً باستخدام معدلات تدميج ثابتة تتراوح بين 10-4 /ث و 102  / ث مشجعة للغاية . فقد أظهرت هذه النتائج تطابقاً ممتازاً بين النماذج النظرية المطورة والقيم التجريبية وعلى وجه الخصوص تلك النتائج المتعلقة بتوزيع الكثافات واللزوجات ، حيث وجد أن الفروقات بين القيم النظرية والتجريبية في كلتا الحالتين لا تتعدى 5 % .
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