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1. Introduction 

Due to the globalization of the world economy and the consequent increase in 

competition, it is more important than ever for manufacturers to shorten their 

product development and manufacturing cycles.  The current competitive 

market not only requires faster product development and reduced production 

time, but also demands higher quality, greater efficiencies, lower cost, and the 

ability to meet environmental and recycling objectives.   

Tooling is a very important phase in the development and manufacturing of 

new products and is usually one of the most time-consuming and costly 

phases.  Therefore, shortening the tooling lead-time plays a key role in the re-

duction of the overall product development and manufacturing time.  Great 

effort has been made to develop new rapid tooling (RT) technologies that 

combine the recently emerged rapid prototyping (RP) processes with one or 

more subsequent processes.  

RP normally refers to fabricating prototypes directly from computer aided de-

sign (CAD) data using a layered, additive method.  Almost all products devel-

oped in the manufacturing industry arise from the creation of a three-

dimensional computer model using a CAD system. Converting the CAD 

model into a prototype by using a RP process can be easily realized (Jacobs, 

1992).  A RP system can quickly generate physical objects and prototypes us-

ing liquid, powder, or sheet materials. RP parts allow designers to verify their 

product design at an early stage and to use three-dimensional representations 

of the design for sales, marketing and production.  

Along with the evolution and improvements of various RP technologies, great 

research and development efforts have been made in recent years to develop 

RT technologies based on RP processes (Pham, 1998, Willis, 1997, Hejmadi and 

McAlea, 1996, Nelson, 1999, and Phelan, 1997).  Whether the application is pro-

totype, bridge, short-run, or production tooling, RT represents an opportunity 

to reduce both production time and cost. Therefore, researchers continue to 

Source: Manufacturing the Future, Concepts - Technologies - Visions , ISBN 3-86611-198-3, pp. 908, ARS/plV, Germany, July 2006, Edited by: Kordic, V.; Lazinica, A. & Merdan, M.
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explore ways to improve RT technologies.  

In this study, a new RT process using a metal shell backfilled with metal pow-

der to provide mechanical support to the metal shell is presented and the fea-

sibility of this new RT process is evaluated.  In particular, the study is focused 

on (1) the packing behavior of the metal powder used to backfill the metal 

shell, (2) the deformation behavior of the compacted metal powder under 

compression, (3) the deformation behavior of the metal shell, and (4) the de-

formation behavior of the metal shell and compacted metal powder assembly. 

 

2. The New Rapid Tooling Process 

 

The proposed new RT process is shown schematically in Fig. 1. For conven-

ience, the figure only illustrates the fabrication of half mould.  The proposed 

new RT process involves the following major steps: 

 

Step 1: A three-dimensional computer model of the mould is designed on a 

computer.  

Step 2: A plastic pattern with complementary shape to the mould is fabri-

cated using a RP process, such as Stereolithography. 

Step 3: A thin metal layer is deposited onto the cavity side of the plastic pat-

tern using an electro-chemical process to form a metal shell.  Then, 

the metal shell is separated from the plastic pattern. 

Step 4: Metal ribs are added to the back of the metal shell to increase the 

strength of the metal shell.   

Step 5: The metal powder is packed into the metal shell to provide mechani-

cal support to the metal shell.  

Step 6: The backside of the mould is sealed to prevent leakage of the metal 

powder.  The tool is finished and ready for moulding operations. 

 

In addition to anticipated short lead-time and low cost, it is also expected that 

this RT process is environmentally friendly because the metal powder used in 

backing is fully reusable/recyclable. 
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Figure 1. New rapid tooling process 

3. Powder Packing Behavior 

3.1 Powder Packing Models 

Powder packing can be divided into single component packing, binary pack-

ing as well as multiple component packing.  In single component packing, all 

packing particles used are of the same size and geometry.  In contrast, binary 

or multiple components packing involves two or more packing components.  

The powder packing behavior is measured by the packing density, which is 

defined as the ratio of the volume occupied by the powder to the total volume 

without compression, i.e.  

 

TOTAL

ii

TOTAL

POWDER

V

W

V

V
DensityPacking

ρ/∑
==  (1)

 

where VTOTAL is the total volume of the powder for single component packing 

or the total volume of the powder mixture for multiple component packing,  
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Wi is the weight of the powder component i, and ρi is the theoretical density of 

the powder material for component i.  In single component packing, packing 

density of the powder depends on only the packing structure or the arrange-

ment of the particles.  In binary and multiple component packing, the packing 

density is affected by the size and proportion of each packing component. The 

voids formed by large particles can be filled by small particles. The voids cre-

ated by small particles can be filled by even smaller particles. 

 

3.2 Procedures for Powder Packing Experiments  

 

For single component powder packing, the powder is first weighed and placed 

into a scaled cylinder or beaker.  The powder in the container is vibrated for 15 

minutes on a vibration machine with the topside of the powder being lightly 

pressed by a flat plate.  After vibration, the volume of the powder is measured.  

The packing density is determined based on the measured data for the weight 

and volume of the powder. 

For binary or multiple component powder packing, the coarse metal powder is 

weighed and placed into a scaled cylinder.  The cylinder is vibrated on a vi-

brating machine for 15 minutes while the topside of the powder is being 

lightly pressed by a flat plate.  After the volume of the coarse powder is meas-

ured, a weighed amount of fine powder is added to the container while the 

cylinder is vibrated. The volume of the mixed powders is measured and the 

packing density of the mixed powders is calculated. For a three-component 

mixture, the weighted finer powder is added to the previous mixture while the 

cylinder is vibrated. The final volume is measured and the packing density of 

the mixed powders is calculated. 

For binary component powder packing involving low fluidity powders, the 

weighed coarse and fine powders are placed into a scaled cylinder or a beaker.  

The mixture is stirred so that the powders are mixed evenly.  It is then vi-

brated.  The volume of the mixed powders is measured after the vibration.  

The packing density is calculated.  

In this study, eleven different metal powders are selected for the powder pack-

ing experiment.  The particles of the selected powders have different shapes 

and sizes, and they are made of different materials. The characteristics of the 

selected powders are listed in Table 1. 
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Table 1. Characteristics of selected powders 

3.3 Results of the Single Component Powder Packing Experiments 

The packing density depends on the characteristics of the particles. Generally, 

for powder packing, the density of the powder material has no significant in-

fluence on its packing density. Particles of the same size and shape will have 

the same packing density despite of the difference in their theoretical densities 

(Leva and Grummer, 1947). The main factors affecting the packing density for 

single component powder packing are particle size, particle shape, and the ra-

tio of the diameters of the container to the particle. 

(a) The effect of the ratio of the diameters of the container to the particle 

McGeary (1962) studied the effect of the ratio of the diameters of the container 

to the particle D/d (D is the container diameter and d is the particle diameter) 

and concluded that if the ratio D/d is greater than 50, the packing density tends 

to reach the maximum value. Experiments are carried out here for ratios D/d 

Powder 

number 

Powder name  Material Material 

density 

(g/ml) 

Geometry Average par-

ticle size 

(ΐm) 

1 Carbon Steel 

Ball  

Carbon Steel 7.85 Spherical 3175 

2 12 HP Copper 

Shot  

Copper 8.91 Round 850 

3 34 HP Bronze  Bronze 8.65 Round 450 

4 Fe   Iron 7.85 Spherical 22~53 

5 T-15   Tool Steel 8.19 Spherical >150 

6 T-15  Tool Steel 8.19 Spherical 80~150 

7 T-15   Tool Steel 8.19 Spherical <22 

8 ATOMET 1001  Low Carbon 

Steel 

7.85 Irregular >150 

9 ATOMET 1001 Low Carbon 

Steel 

7.85 Irregular <22 

10 DISTALOY 

4600A  

Low Carbon 

Steel 

7.9 Irregular >150 

11 DISTALOY 

4600A  

Low Carbon 

Steel 

7.9 Irregular <22 
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from 3.5 to 39.4 using 3175 ΐm (1/8-inch) diameter carbon steel balls (Powder 

#1) and for the ratio D/d of 57.6 using 12 HP copper shorts of diameter of 850 

ΐm (Powder #2).  In the carbon steel ball packing tests, different diameter con-

tainers are used to create different D/d ratios.   The experimental results pre-

sented in Table 2 show the effect of the ratio D/d on the packing density. The 

lowest packing density, 0.55, occurs at the lowest ratio D/d, which is 3.5. The 

highest packing density is 0.65 when the ratio D/d is 57.6.  It can be observed 

from Table 2 that the packing density increases with the increase of the ratio 

D/d.  However, the packing density does not change much when the ratio D/d 

is greater than 7.66. 

 

Table 2. Single component packing density for different D/d 

(b) The effect of the particle shape 

The particle shape varies significantly depending on the manufacturing proc-

ess used and influences the particle packing, flow, and compression proper-

ties. The greater the particle surface roughness or the more irregular the parti-

cle shapes, the lower the packing density (Shinohara, 1984). For a gas atomized 

metal powder, the shape is almost spherical and for water atomized metal 

powder, the shape is more irregular (German, 1998). Some particle shapes of 

the selected powders used in this study are shown in Fig. 2. 

Table 3 gives the comparison of the packing densities for powders with differ-

ent particle shapes. The powders with irregular particle shapes, DISTALOY 

4600A (Powders #10 and #11) and ATOMET 1001 (Powders #8 and #9) pow-

ders, have a lower packing density, which is 0.49, as compared with the pack-

ing density of the powders of the spherical shape with the same size (Powders 

#5 and #7), which is 0.63.  Therefore, the packing density of the powders with 

irregular shapes is 22% lower than that of the powders with the spherical 

shape.   

(c) The effect of the particle size 

The results shown in Table 3 also indicate the effect of the particle size on the 

packing density of the powder. It can be seen that the packing densities for the 

Powder number 2 1 1 1 1 1 1 

D/d 57.6 39.4 15.1 10.9 7.66 4.93 3.50 

Packing density 0.65 0.63 0.61 0.62 0.62 0.58 0.55 
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powders with spherical shape and round shape are between 0.60 and 0.63, and 

it is 0.49 for the powders with irregular shapes, despite of the difference in the 

particle size. Thus, particle size has no significant effect on the packing den-

sity. However, a test for the particle fluidity by pouring the powders onto a 

plate with smooth surface that is at a 45o angle to the horizontal plane reveals 

that the particles demonstrate a low fluidity if the particle size is less than 22 

ΐm.  
 

Table 3. Single component packing density for different particle shapes and sizes 

 

 

 

Figure 2. Optical micrographs of powders with different shapes 

3.4 Results of the Binary and Tertiary Powder Packing Experiments 

The results of the single component powder packing experiments indicate that 

the maximum packing density is about 0.65.  For the new RT process consid-

ered in the current study, a higher packing density is required to achieve suffi-

cient load transfer ability.  Adding certain amount of smaller particles into a 

Powder number 1 2 3 4 5 6 

Shape Spherical Round Round Spherical Spherical Spherical

Size (ΐm) 3175 850 450 22~53 >150 80~150 

Packing density 0.63 0.65 0.63 0.63 0.63 0.60 

Powder number 7 8 9 10 11  

Shape Spherical Irregular Irregular Irregular Irregular  

Size <22 >150 <22 >150 <22  

Packing density 0.63 0.49 0.49 0.49 0.49  

 

 

ATOMET 1001 
 

DISTALOY 4600 A 

 

 

T-15 

 

100 μm
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packing structure consisted of large particles can greatly improve the packing 

density. Small particles are used to fit into the interstices between large parti-

cles, and smaller particles can be used to fit into the next level of pores. Thus, 

the packing density can be improved. This is the basic principle for the binary 

or multiple component packing.  The factors that affect the binary or tertiary 

packing density, such as the size ratio and the mixing ratio of the packing 

components, are considered in this study.  The mixing ratio is defined as the 

ratio of the weight of the large particle to the total weight of the powder mix-

ture and the particle size ratio is defined as the ratio of the size of the large par-

ticle to the size of the small particle.   

(a) The effect of the particle size ratio 

To exam the effect of the particle size ratio of the packing components on the 

packing behavior of binary and tertiary mixtures, the experiments are con-

ducted for different particle size ratios at the mixing ratio of 0.74 for binary 

mixtures, and 0.63 for the large size particles in the tertiary mixture and 0.23 

for the middle size particles in the tertiary mixture.  Table 4 gives the packing 

densities of binary and tertiary mixtures at different particle size ratios.  The 

results show that adding small particles into a packing structure of large parti-

cles can greatly increase the packing density. The packing density of the binary 

or tertiary mixture increases between 9% and 44% as compared with the single 

component packing density.  The increase in the packing density for the binary 

mixture with a low particle size ratio (Cases 4-6) is in the range of 9% ~ 14% 

and it is 32% ~ 33% for the binary mixture with a high particle size ratio (Cases 

2 and 3).  

 

Table 4. Binary and tertiary packing density for different particle size ratios 

Packing density Case Powder 

mixture 

Particle size 

ratio 

 
Large 

particle 

Small 

particle 

Mixture 

Packing 

density 

increase 

(%) 

1  #1+#3+#7 144: 20.5: 1 0.63 0.63 0.91 44 

2 #1+#4 (59.9~144): 1 0.63 0.63 0.84 33 

3 #2+#4 (16.0~38.6): 1 0.65 0.63 0.86 32 

4  #5+#7 6.82: 1 0.63 0.63 0.71 13 

5 #2+#6 (5.67~10.6): 1 0.65 0.60 0.71 9 

6 #1+#2 3.74:1 0.63 0.63 0.72 14 
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The increase in the packing density for the tertiary mixture is 44%. The basic 

requirement of good multiple component packing is that small particles can 

freely pass through the voids between large particles. For spherical component 

packing, the minimum size ratio that satisfies this requirement can be deter-

mine using the packing models shown in Fig. 3. 

There are two extreme packing conditions in the ordered single component 

packing.  The simple cubic packing, as shown in Fig. 3 (a), produces the largest 

interstice between particles. The face-centered cubic packing shown in Fig. 3 

(b), on the other hand, produces the smallest interstice between particles.  The 

size of the fine particles should be smaller than the throat gate dimension of 

large particles so that the fine particles can freely pass through the throat gate 

between large particles.  In Fig. 3, R is the radius of the large sphere, and r is 

the radius of the small sphere.  For the face-centered packing model, the rela-

tion between R and r can be expressed as: 
 

o30cos=
+ rR

R
 (2)

               

 

Figure 3. Throat gate structures between particles. (a) Simple cubic packing; (b) Face-

centered cubic packing 

(a) (b) 

RR
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From Eq. (2), we have 46.6=rR .  For the simple cubic packing, the relation be-

comes  

o45cos=
+ rR

R  (3)

Therefore, 41.2=rR   

It can be concluded that the minimum particle size ratio, R/r, for small parti-

cles to fill the voids between large particles without pushing them apart is 2.41. 

When the ratio R/r is greater than 6.46, all of the small particles can pass the 

throat gates and enter the interstices between large particles.  In order to ob-

tain a higher packing density, the particle size ratio should be greater than 

6.46.  

The experimental results shown in Table 4 reflect the effect of particle size ra-

tio. The particle size ratios in Cases 1 to 3 are much higher than 6.46.  Thus, the 

packing densities in these cases are higher than those in Cases 4 to 6.  In Case 

6, the particle size ratio is lower than 6.46, but higher than 2.41.  So, the small 

particles can only partially fill the voids between the large particles. The pack-

ing density increases compared with the single component packing density. 

However, it is lower than that with high particle size ratio.  In Case 5, the size 

ratio varies from 5.67 to 10.6 and it does not totally satisfy the particle size ra-

tio requirement for good binary packing, which leads to a lower packing den-

sity. The particle size ratio in Case 4 is 6.82 and it is greater than the minimum 

particle size ratio requirement for good binary packing, which is 6.46 based on 

ordered packing. However, the packing density is also low.  This is due to the 

fact that the actual powder packing is not ordered packing.  The result sug-

gests that the minimum particle size ratio for actual powder packing to 

achieve a good binary packing should be higher than 6.82.  As expected, the 

highest packing density is obtained from tertiary powder packing, Case 1, 

which is 0.91. 

It is observed that the binary packing density for the mixture of Powder #2 and 

Powder #4 (Case 3) is slightly higher than that for the mixture of Powder #1 

and Powder #4 (Case 2).  This may attribute to the fact that the single compo-

nent packing density for Powder #1 is lower than that for Powder #2 as shown 

in Table 3.   It is also noticed that the binary packing density is between 0.71 

and 0.72 when the particle size ratio is lower than the minimum particle size 

ratio requirement for good binary packing and it is 0.84 to 0.86 when the parti-

cle size ratio is higher than the minimum particle size ratio requirement.    

Therefore, the particle size ratio has little effect on the binary packing density 
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once the size ratio is lower or higher than the minimum particle size ratio re-

quirement for good binary packing. 

(b) The effect of the mixing ratio 

The experiments are conducted for binary mixtures at different mixing ratios 

to investigate the effect of the mixing ratio on the packing density of binary 

powder mixtures.  Table 5 shows the experimental results of packing densities 

for four different binary mixtures at different mixing ratios.  The packing den-

sity varies from 0.67 to 0.86.  It can be seen from the results that there is an op-

timal mixing ratio for each binary mixture at which the packing density of the 

binary mixture is maximal.  

When small particles are added to fill the voids between the large particles, the 

porosity of the binary powder mixture decreases.  Therefore, the packing den-

sity of the binary mixture increases.  When the small particles fill all of the 

voids without forcing the large particles apart, the packing density of the bi-

nary mixture is at its maximum value.  Further addition of small particles will 

force the large particles apart and the packing density will decrease.  The op-

timal mixing ratio falls in the range of 0.71 - 0.77. 

 

Tabele 5. Binary packing density at different mixing ratios 

4. Deformation Behaviour of Compacted Metal Powder under 
Compression 

The effects of various parameters on the deformation behavior of compacted 

metal powder under compressive loading are investigated experimentally in 

Mixture #2+#6 #1+#4 #2+#4 #5+#7 

Particle size ratio 5.67~10.6 59.9~144 16.0~38.6 6.82 

Mixing ratio Binary packing density 

0.65 0.70 0.82 0.83 0.68 

0.68 0.71 0.82 0.84 0.69 

0.71 0.72 0.83 0.85 0.70 

0.74 0.71 0.84 0.86 0.71 

0.77 0.70 0.82 0.86 0.72 

0.80 0.69 0.81 0.85 0.70 

0.83 0.68 0.80 0.83 0.68 

0.86 0.67 0.77 0.80 0.67 
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order to examine the feasibility of the proposed new RT process.  The experi-

mental results are used to obtain the elastic properties of the compacted metal 

powder under various loading conditions.  These are important parameters for 

the deformation analysis of the metal shell and powder assembly used in the 

new RT process. 

4.1 Compression Experiments 

The metal powders used for the compression experiments are given in Table 6. 

Three different kinds of powders are selected to provide different particle 

shapes and hardness. As shown in Table 6, T-15 tool steel powder has much 

higher hardness than that for ATOMET 1001 and DISTALOY 4600A. For T-15, 

both coarse and fine size particles are used to examine the compression behav-

iour of powder mixtures. For ATOMET 1001 and DISTALOY 4600A, only 

coarse size particles are used. The sizes of the powders are chosen so that the 

size ratio of coarse powder and the fine powder is greater than 7. The mixing 

ratio of the coarse and fine powders is varied between 0.70 and 0.80, which 

gives a higher packing density as shown in Table 5. The compression tests are 

carried out using an Instron Mechanical Testing System according to ASTM 

standard B331-95 (ASTM B331-95, 2002) in an axial compression die shown 

schematically in Fig. 4.  The powder is dried in an oven at 105oC for 30 min-

utes before the compression test to remove any absorbed moisture. The pow-

der is vibrated for 15 minutes in the single component powder compression 

test after being loaded into the compression die.   

 

 
 

Powder Particle size Material properties Shape 

 Coarse 

(ΐm) 

Fine 

(ΐm) 

ρ  

(g/ml) 

E (GPa) HRB Α  

T-15  150-350  6- 22  8.19 190~210 220 0.27~0.3 Spherical

ATOME

T 1001 

45-150  - 7.85 190~210 48 0.27~0.3 Irregular 

DISTAL

OY 

4600A 

45-150  - 7.85 190~210 79 0.27~0.3 Irregular 

Table 6. Characteristics of selected powders ρ – Density; E - Young’s modulus; HRB – 

Hardness; Α -Poisson’s ratio 
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The coarse and fine powders are carefully mixed in the die and are then vi-

brated for 15 minutes before the compression test of the mixed powders.  The 

loading and unloading rate is 10 kN/min, and the maximum compressive 

stress used is 138 MPa, corresponding to the maximum injection moulding 

pressure used for forming most engineering plastics.  

 

4.2 Results 

(a) The effect of powder material properties on powder compressive properties 

Table 7 shows the results of the single loading-unloading compression ex-

periments for the three coarse powders listed in Table 6.  The powder compact 

density is defined as the ratio of the volume occupied by the powder to the to-

tal volume after the compression.  It can be seen that the powder material 

properties have a significant effect on the compressive characteristics of the 

powder. The total strain under the same loading condition for the T-15 tool 

steel powder is 0.157, which is the smallest among all powders considered. 

 

 

Powder 

(coarse) 

Total strain Compact 

density  

Packing 

density 

Powder condition 

after compression 

T-15 Tool Steel 0.157 0.627 0.63 Loose  

DISTALOY 

4600A 

0.375 0.692 0.49 Block 

ATOMET 1001 0.462 0.766 0.49 Block 

Table 7. Effect of powder material properties on powder compressive deformation 

behavior 

 
In contrast, the total strain for the ATOMET 1001 powder is largest, 0.462, 

three times that of the T-15 tool steel powder.  For the purposes of comparison, 

the packing density obtained in Section 3 is also listed in Table 7.  It can be 

seen that the change between the powder compact density and packing den-

sity is smallest for the T-15 tool steel powder that corresponds to the smallest 

total strain.  Therefore, as expected, powders with higher hardness produce 

smaller compressive strain and density change under the same compressive 

load. 
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Figure 4. Die and punches for the compression test 

 

It is also observed that the T-15 tool steel powder has the lowest compact den-

sity after compression although it has the highest packing density before com-

pression.  Therefore, for the same powder compact density, harder materials 

can support bigger loads. This suggests that powders with high hardness are 

preferred for the backing application in the proposed new RT process. In addi-

tion, the test indicates that soft powders such as DISTALOY 4600A and 

ATOMET 1001 tend to form blocks after compression. Such powder blocks 

cannot be reused for tooling applications because they lose the filling capabil-
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ity that powders possess. In contrast, the T-15 tool steel powder remains in 

loose condition after compression at a compression stress of up to 138 MPa.  

Such powders are better choices for the application in the proposed new RT 

process from a reusable point of view.  Therefore, the T-15 tool steel powder is 

used in the experiments conducted in subsequent sections. 

(b) The effect of the mixing ratio on the compressive properties of binary powder 
mixtures 

The RT process considered in the current study requires a higher packing den-

sity to achieve sufficient load transfer ability.  The addition of smaller particles 

into a packing structure consisting of large particles can greatly improve the 

packing density.  Experiments that involve the binary powder mixture of the 

coarse T-15 powder and fine T-15 powder at different mixing ratios using a 

single loading-unloading compression cycle are also carried out.   The mixing 

ratio is defined as the ratio of the weight of the coarse powder to the total 

weight of the powder mixture.  Table 8 shows the total compressive strain and 

corresponding powder compact density of the binary powder mixture at dif-

ferent mixing ratios.  It can be seen from the results that at the mixing ratio of 

0.77, the total strain is minimal and the compact density is maximum.  This is 

also the optimal mixing ratio for T-15 tool steel powder mixture at which the 

powder packing density is maximal as shown in Table 5.  It is clear that the op-

timal mixing ratio corresponding to a maximum powder packing density pro-

duces the least compressive deformation. 

(c) Compressive behavior of powders in multiple loading-unloading cycles  

To investigate the effect of loading history on the deformation behavior of the 

compacted metal powder, multiple loading-unloading experiments for the T-

15 binary powder mixture with a mixing ratio of 0.77 are carried out using a 

five-cycle loading pattern shown in Fig. 5. 

 
 

Powder Mixture Mixing Ratio Total Strain Compact Density  

T-15 Tool Steel 0.80 0.183 0.783 

T-15 Tool Steel 0.77 0.162 0.822 

T-15 Tool Steel 0.74 0.179 0.810 

Table 8. Effect of the mixing ratio on binary powder compressive deformation behav-

ior 
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Figure 5. Loading pattern of the five-cycle compression test 

 
 

(i) Loading history and critical point 

The loading-unloading curves for the five-cycle compression test are shown in 

Fig. 6.  The first loading curve is significantly different from the succeeding 

unloading and reloading curves.   For the same load, it showed that the total 

deformation is twice as much as the other curves.  Upon unloading during the 

first cycle, approximately 50% of the deformation is recovered, indicating a 

large amount of irreversible deformation during the first load cycle. After the 

unloading, the next reloading curve crosses the previous unloading curve at a 

certain stress level.  

 

 

Figure 6. Typical loading-unloading curves of the five-cycle compression test 
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A pair of unloading and subsequent reloading curves form a cross point, as 

shown in Fig. 6. This cross point is referred to as the critical point. The unload-

ing and reloading curves become parallel and closer to each other as the re-

loading and unloading cycles proceed.  The tangent of the unloading or the re-

loading curve increases over cycles and approaches a constant value.  

The critical point has two features. First, when the load is below the critical 

point, the reloading curve lies on the left side of the unloading curve of the 

previous cycle and the two curves essentially overlap with each other, indicat-

ing that the deformation below the critical point is mostly elastic in nature.  On 

the other hand, when the reloading load goes beyond the critical point, the 

strain of reloading exceeds that in the previous unloading process, and the 

curves shows a hysteresis.  Secondly, the stress corresponding to the critical 

point moves higher with an increased number of cycles, as shown in Fig. 6. 

The deformation behavior and the critical point phenomenon can be under-

stood from the deformation mechanisms of the powder compact.  During the 

first loading cycle, the vibration packed powder particles only have point con-

tacts with each other and will go through a large amount of irreversible de-

formation through such mechanisms as relative particle movement, plastic de-

formation at contacting points, and perhaps particle fracture for brittle 

particles (Carnavas, 1998). Elastic deformation will increase with the increase 

in the load and the decrease in the irreversible deformation.  Upon unloading 

in the first load cycle, only the elastic component of the deformation is recov-

ered, leaving a significant amount of irreversible deformation. During the suc-

ceeding loading cycles, the irreversible deformation mechanisms have largely 

been exhausted, and therefore a major portion of the deformation is elastic in 

nature.  In particular, when the load is below the critical point, the deforma-

tion is essentially elastic and completely reversible.  However, when load is 

high enough, i.e., beyond the critical points, some of the irreversible deforma-

tion mechanisms, such as local plastic deformation and particle relative 

movements, can further contribute to the unrecoverable deformation.  It can be 

expected that with the proceeding of repeated loading-unloading cycles, the 

available sites and the amount of irreversible deformation will be gradually 

reduced, and therefore resulting in increased critical point and tangent of the 

loading-unloading curves.  

These features indicate that the elastic properties of compacted powders can be 

controlled with properly designed loading-unloading cycles.  
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