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ABSTRACT

A novel approach of modeling using input-output experimental data pairs is presented for compaction energy and
compact density percentage of powder. In this way, singular value decomposition (SVD) method is used in
conjunction with dimensionless parameters incorporated in such complex process. The obtained model shows very
good agreement with the testing experimental data pairs which have been unforeseen during the training process.
The approach of this paper can be generally applied to model very complex real-world processes using appropriate
experimental data.
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INTRODUCTION

Shock consolidation is a technique that shows denable promise for producing bulk material fromwgers.
Rapid solidification technology is a rapidly advemgfield by which unique

Microstructures of metallic alloys and ceramics areated. Shock consolidation is a process by wihiehparticle
surfaces are highly deformed producing inter-prtisonding in a one-step-process. Powders thanatabe
conventionally compacted by powder metallurgicalgess, due to their high strength, and powdershichwpost
compaction sintering has a deteriorating effectrmmmechanical properties, can be compacted bykgh@ssures
[1-2].

The detonation of a highly explosive charge cam gise to induced shock pressures as high as 980I&siing for
several microseconds [3-4]. The exact amplitud# duration of the explosive pressure pulse depenthe type
and size of the explosive charge and the meanstighwthe energy of the explosive is transmittedh® work

piece. In fact, explosively induced shock wavesehiagen successfully utilized to change the stadepaoperties of
materials and to weld, cut, form metals, in patticin the compaction of powder metals. The moshmmon form

of direct compaction apparatus is the collapsidindgr press as shown in figure (1). The powdgrased inside a
metal tube, which is plugged at both ends and snded by a uniform layer of explosive.

The explosive is detonated at one end, producingraerging cylindrical shock wave which collapske metal
tube and consolidates the powder. There are pagasnet interest that affect the performance of esige metallic
powder compaction in terms of compaction energyaiij compact density percentage)([3uch parameters are,
namely, powder packing density){ explosive charge thicknessg[;Twall thickness of the cylinder {J, mass ratio

(R, explosive charge mass to cylinder mass), Iniavder density percentage jDexplosive detonation wave
velocity (Vy), and cylinder diameter (d). However, only sometlodse parameters as input variables have a
significant effect on the output variables in tlefprmance of the powder compaction process.
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In this paper, it is shown that Dimensionless Asalyand Singular Value Decomposition can effecyivabdel and
predict the compaction energy and the compactiomsite percentage, each as a function of importaptti
parameters in explosive compaction of metallic pemgtocess.

detonator

wood cone

explosive

metal powder

compacted powder

steel plug

(a) (b)

Figure 1: Explosive compaction assembly
(a) before detonation (b) during detonation

2-M echanism of Explosive Compaction

In order to successfully compact powders using asipés, it is necessary to achieve a desired congmtsity
without introducing some of the defects, such alf hides and gross density variations. It has bmejgested [2]
that the compaction mechanism involves the trar@omsof a pressure pulse from an explosive chamesing
densification of the powder mass. The experimergsililits obtained [4][5] have shown that the medranivhich
depends only on the explosive detonation pressutégmores the influence of the powder containbesudoes not
explain the densification of powders. On the badithe experimental results, it is proposed that shquence of
events occurring, upon detonation of the explosivarge, is as follows. As the detonation front ngoaéong the
tube an oblique compression wave front is generateéde outer surface of the tube wall. The peasgure of this
pulse is determined by the explosive detonationacii and the sonic impedance of the tube matefiad length of
the pulse depends on the thickness of the expla$igege. The pressure pulse will move to the insidéace of the
tube wall where most of the energy of the pulsé kél reflected back into the tube wall as a tengilise. The
reflected tensile pulse will continue to be refégtfrom the tube surfaces, alternately in compoesand in tension,
until it is attenuated to zero. Thus, the shocls@udtom the explosive charge will not be transrditie the powder
mass but will, instead, cause the rapid accelaratfothe tube wall towards its axis. Those powdartiples in
contact with the tube wall will be accelerated indga causing impacts with adjacent particles. Tiilsgive rise to
inter particle shearing, resulting in particlesngebroken up and oxide layers being ruptured. Teaned particle
surfaces will, thus, be capable of welding togetmesulting in a dense, coherent mass of compdu. fioving
mass of container tube, compacted powder, and ottingapowder particles decelerate from the initiadh
velocity of the container tube for several reasétastic deformation of the container tube andcimpacted ring
of powder absorb energy, in addition to the enexdggorption associated with void collapse and gartielding.
The increasing mass of the moving compact alscesev reduce the velocity. Compaction will be coetgd when
the velocity of the collapsing tube and powdereduced to zero. The density achieved during thgsiesece of the
events will depend on the energy initially possddsethe collapsing container tube, a fully densegact resulting
from the correct amount of energy. Too low a cortipacenergy results in compacts exhibiting cenpatosity,
while an excess of energy gives rise to meltinthefcompact centre.

3- Experimental Assembly for Compaction of Cylindrical Specimens

Most of the explosive compaction experiments wexgied out using the collapsing cylinder press rageanent.
The tests made use of mild steel tubes of 26 merriat diameter and machined from seamless tube.wHlle
thickness of the tubes was varied from 1mm to 4 iine. length of the tube was 75 mm and closed atadeausing
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a mild steel plug. The tube filled with metal powdad vibratory packed into the tube to a constimisity. This
density is referred to as the powder packing dgn3ihe value of such powder packing density isdidi by the
value of parent metal density which is known asittigal density percentage (a dimensionless patarpén this
work. The top plug was then inserted and the coataiube assembly was centrally located inside & Byinder.
The annulus between the container tube and the BMi@der was filled with explosive. To obtain a forim

detonation front a wooden cone was glued to thetog of the container tube, as shown in figure Qgtonation of
the charge took place in air with the assemblyinrgsbn soft sand. The detonation front, travelitang the length
of the tube caused the collapse of the contairtes, ttesulting in densification of the metal powdEne details of
compact density measurements and detonation veloeiasurements together with the procedure of céingpthe
uncorrected compaction energy and the correctedoaction energy in association with the amount cfoabed
energy of the tube during the plastic deformatiamehbeen comprehensively discussed in referen{dd[&l.

4- Dimensionless modelling of compaction energy and compact density percentage using singular value
decomposition (SVD)

A

The formal definition of modeling is to find a furan f so that can be approximately used instead of hohe

f, in order to predict outpu§7 for a given input vectorX = (X1, X5, X3,...,Xn) as close as possible to its actual
outputy. Therefore giveM observation of multi-input-single-output data gaip that

Vi = £ (X0 %0 X500 %0) 1 512, M (1)
it is now possible to obtairi? to predict the output valueﬁ!i for any give input vector

Xi = (Xigs Xigs XigseesXin) s 2)
such that

= F (X X0 XegronXi) 1 =12,..,M 3)

The problem is now to determiné so that the square of different between the actutgdut and the predicted one
is minimized, i.e.

M

D LF (% X0 Xigoe %) = %12~ Min. @)
i=1
In dimensionless modeling, however, a dimensionmyT:{lTl,sz,ng,...,ﬂk}, rather than the set of real

physical variable{y, X} ={V, X, X,,X5,...,X,} , is used to obtain]?, i.e.

Py = § (70, 0y Ty 7)1 = 12,0 M 5)
such that

M ~

D, 11y 7.0 T) — 71,17~ Min. (6)

i=1

In order to construct such independent dimensisnesameters in the case of modeling of correctedpaction
energy (E), powder packing densify),(explosive charge thicknessg;Twall thickness of the cylinder {J, mass
ratio (R, explosive charge mass to cylinder maissial powder density percentage jJDand detonation wave
velocity (Vy) have been considered as input parameters [6]

In order to use SVD to obtain the model, that Bj7,
E:f (pa T81 TW! R! D! Vd) (7)

From this set of inputs-output parameters, 4 inddpat dimensionless parameters have been constracterding
to 3 main dimensions (M, L, T), as follows

-_E
T, = , (8-a)
1 deZ
Te
7T, =_|_— , (8-b)
w
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7T3=R , (8-c¢)
7,=D,. (8 - d)
so that

rrl:f(ﬂz,rr3n4) )

Equation (9) can be represented as
m, = C(m,)” (1,)" (11,)” 10)

Therefore, the problem of modeling is now to firmkfficientsC, @, 5, and y so that equation (6) is satisfied. By
using natural logarithm, equation (10) can be regméed as a linear relation with respect to theficamts

(7 =LnC), (@), (B) and(y) as
Ln() =7 +aLn(m,) + BLn(m,) + yLn(7,) a

Consequently, a system bf Linear algebraic equation witi=4 unknown of the above mentioned coefficients is
now constructed based dhinput-output experimental data pairs as followd (9

,7 +aZ12 +ﬂZ13 + yZl4 = le
,7 +aZ22 + ﬂZZS + yZ24 = Z21

........................................ (12)

N+aly, + Bz s =S
where
¢y =Ln(m;), 1=12,...M ,j=1,2,3 (13)
and
{,=Ln(rg).1=12,..M (14)
Such system of linear equations in whick ¥K=4 can be represented as:[11]

AX =Y, (15)
where

X=[na B, (16)
Y =[{1 a0 - Cmol”
and

1 ZlZ Z13 Zl4
az|t = n G an

1 ZMZ ZMS ZM4
The least-squares technique from multiple-regresaioalysis leads to the solution of the normal &goan the
form of

X =(ATA)ATY (18)

which determines the vector of the bdét= 4 unknown of equation (10) for the whole set Mfexperimental
observation data. However, such solution direattyrf solving normal equations (18) is rather susbépto round
off error and, more importantly, to the possiblagsilarity of these equations. Therefore, SVD isduse solve
equation (15) which leads to better results in cangpn with those of using equation (18).

SVD is the method for solving most linear leastags problems that some singularities may exishénnormal
equations. The SVD of a matrié [1[] MK is a factorization of the matrix into the prodwdtthree matrices,
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column orthogonal matrix U OO | diagonal matrix W 00" with non-negative elements (singular
values), and orthogonal matré{ (1 0 %" such that

A=UWVT (19)

The most popular technique for computing the SVDs waiginally proposed in [12]. The problem of opdim
selection of vector of the coefficients in equatid®) and (18)is firstly reduced to the modified inversion of
diagonal matrixW [13] in which the reciprocals of zero or near zero siagu(according to a threshold) are set to
zero. Then, such optim&lare obtained using the following relation

1
j

In order to demonstrate the prediction ability &C5in such dimensionless modeling, the data hawnivided
into two different sets, namely, training and tegtsets. The training set, which consists of rargahosen N,

X =V diag{ ] u'y. (20)

input-output data pairs, is used for training #e= 4 unknown coefficients involved in the dimensionlessdel of
deflection-thickness ratio. The testing set, whicimsists of N, unforeseen input-output data samples during the
training process, is merely used for testing tonstite prediction ability of the obtained simple rabd

In order to model, based on experimental data ptedein Table (1), the multi-input-single-outputt s&f
constructed dimensionless data according to equsa(i®-a) to (8-d) which are for corrected compacgaergy.

The corresponding values of parameters are fourd as385, @ = 0.0765 £ = 076, and y =—0423.
Hence, the model can now be given as

0076
E T 076 -0423
(—) = 385(—ej (R)**(D,) (21)
AVy Tw

Figure (2) shows the comparison (E) given by equation (21) with respect to the experital values both for

training and testing data sets. It is evident frins figure that equation (21) predicts the midpaleflection-
thickness ratio successfully for the testing data

Similarly, in order to construct such independeimehsionless parameters in the case of modelingoofpact
density percentage (P cylinder diameter (d), explosive charge thiclW€k), wall thickness of the cylinder {J,
mass ratio (R, explosive charge mass to cylindessinanitial powder density percentage;)(Rletonation wave
velocity (Vy), and sound velocity in air have been considessithgut parameters in neural network, that is

DC:f (da TEa TW! Rv D[r Vd,VS) (22)

From this set of inputs-output parameters, 5 inddpet dimensionless parameters have been constracterding
to 3 main dimensions (M, L, T), as follows

771 = Dc , (23-a)
Te2
T, =——, 23-b
2 T d (23-b)
w
773 =R, (23-c)
\Y/
_d )
m, = v (23-d)
S
7T5 = Dt (23-€)
so that
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r[1= f (n2,

T, 7T, 7T

3

45

).

equation (24) can be represented as
1 = C(1)* () () (7%)°

(24)

(25)

In order to model, based on experimental data ptedein Table (1), the multi-input-single-outputt suf
constructed dimensionless data according to equa{R3-a) to (23-d) which are for compact denséycpntage.

Tablel: Inputs-outputsdata of explosive compaction of metallic powder §[5]

INPUTS OUTPUTS
Powder |ExplosivgExplosior)Diamete[Cylindrical Explosive " Corrected
TEST|Packing| Wave | Layer of Wall c e;nc(ij El)nma! Compactio ]%omp_act
NO. [ Density| Velocity [Thicknes$Cylinder] Thickness| )l\llllgsser Pe?gesr:téce Energy Pefcr:esr:ttgc
kg/n? |  km/s mm mm mm Ratio 1 mjm? b

1 [ 3370 1.66 6 26 4 0.28 37.9 21.2 4714

2 | 3370 1.48 4.75 26 2 0.42 37.4 32.% 5515

3 | 3370 1.63 5.75 26 1 1 37.9 77 79

4 | 3370 2 8.45 26 2 0.81 37.9 94 86/Pp

5 | 3370 2.67 13.2 26 2 1.42 37.4 301j2 98.5

6 | 3568 1.48 4.75 26 2 0.4 45 28.5 59|B8

7 | 3568 1.87 7.5 26 2 0.7 45 79.4 --

8 | 3568 2.26 10.25 26 2 1.05 45 168 95.5

9 | 3568 2.67 13.2 26 2 1.42 45 314 955
10 | 4410 1.66 6 26 2 0.54 56 73.5 69|B
11| 4410 2.68 13.3 26 2 1.44 56 324 88|14
12 | 4410 3.84 21.5 26 2 2.74 56 987 96|14
13| 4230 1.8 7 26 2 0.62 47.9 64.2 73.7

14 | 4230 1.87 7.5 26 1.5 0.8¢ 47. 87.9 8118
15| 4230 1.94 8 26 1 1.35 47.9 134p 86

16 | 4230 2.71 13.5 26 1.5 1.81 47.% 356|6 96.7

17 | 4230 3.06 16 26 1.5 2.28 47.5 555|8 98.1

18 | 4560 1.48 4.75 26 2 0.4 51.3 40.% 67|16
19 | 4560 2.22 10 26 2 1 51.2 161.p 94

20 | 4560 2.92 15 26 2 1.69 51.7 421}4 98.1

21| 3370 1.7 6.3 26 2 0.57 37.6 52.5 6
22 | 3370 2.3 10.5 26 2 1.04 37.4 167{2 98

23| 3568 1.7 6.25 26 2 0.56p 45 53.5 74.2
24 | 3568 2 9 26 2 0.87] 45 119.3 92.6

25| 4410 1.8 7 26 2 0.69 56 95.§ 7216
26 | 4410 2.26 10.23 26 2 1.05 56 197.5| 82.2

27 | 4410 3.06 16 26 2 1.84 56 507 9]
28 | 4230 2.3 10.5 26 2 1.0] 47.9 160/6 91.3

29 | 4230 3 15.5 26 2 1.69 47.9 42156 97.7

30| 4560 2.22 10 26 2 1 51.2 160 92(B
31| 3370 2.64 13 26 2 1.39 37.4 2852 ---

32| 3568 1.81 7.1 26 2 0.66 45 72 82|
33| 4230 2.64 13 26 2 1.34 47.9 265]1 94.7

34| 4560 1.8 7 26 2 0.646 51.2 72 81

35| 4410 2.08 9 26 2 0.87] 56 1448 80.1

In order to model, based on experimental data ptedein Table (1), the multi-input-single-outputt s&f
constructed dimensionless data according to equ&{lB-a) to (23-d) which are for corrected comipactnergy.

The corresponding values of parameters are foun a€.3758 a =0.5845 (S =-0815 and
y =—1.0823. Hence, the model can now be given as

(D.) = 02

T2

-1.12

T,,d

(RM.(e

Vs

) 0.58( Dt )— 004
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Figure (3) shows the comparison (if)c) given by equation (26) with respect to the experital values both for

training and testing data sets. It is evident frims figure that equation (26) predicts the midpadeflection-
thickness ratio successfully for the testing data

—e— BExperimental Values—a— Computed by Eq (ZJL)
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Figure2: Variation of corrected compaction energy with input data samples: comparison of experimental valueswith computed values
(Eq. 21)

—e— BExperimental Values—a— Computed by Eq (Zé)
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Figure4: Variation of compact density per centage with input data samples: comparison of experimental valueswith computed values
(Eq. 26)
CONCLUSION

Singular value decomposition and dimensionlessyaisahave been used to model the compaction pousiag
some experimental input-output data. It has beemwsthat the simple obtained models can succeggitdidict the
compaction energy and compact density percentagepae@d with the actual experimental values. The
methodology of this paper can be readily appliedind simple closed-form equations of complex reakid
processes where some experimental input-outputpdats are available.
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