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Comparisons Between 2D anD 3D mpFem simulations in moDeling uniaxial HigH VeloCity  
CompaCtion BeHaViors oF ti-6al-4V powDer

Multi-particle finite element method (MPFeM) simulation has been proven an efficient approach to study the densification 
behaviors during powder compaction. however, comprehensive comparisons between 2D and 3D MPFeM models should be 
made, in order to clarify which dimensional model produces more accurate prediction on the densification behaviors. in this paper, 
uniaxial high velocity compaction experiments using Ti-6al-4V powder were performed under different impact energy per unit 
mass notated as Em. Both 2D and 3D MPFeM simulations on the powder compaction process were implemented under displace-
ment control mode, in order to distinguish the differences. First, the experimental final green density of the compacts increased 
from 0.839 to 0.951 when Em was increased from 73.5 J/g to 171.5 J/g. Then detailed comparisons between two models were made 
with respect to the typical densification behaviors, such as the density-strain and density-pressure relations. it was revealed that 
densification of 2D MPFeM model could be relatively easier than 3D model for our case. Finally, validated by the experimental 
results, 3D MPFeM model generated more realistic predictions than 2D model, in terms of the final green density’s dependence 
on both the true strain and Em. The reasons were briefly explained by the discrepancies in both the particles’ degrees of freedom 
and the initial packing density. 

Keywords: multi-particle finite element method; Ti-6al-4V; powder compaction; relative green density; impact energy per 
unit mass

1. introduction

Ti-6al-4V alloy prevails as one of the most commonly 
used titanium alloys due to its excellent performance and rela-
tively affordable price. however, it is still very challenging to 
manufacture titanium and titanium alloys using convectional 
approaches [1]. great efforts have been made to promote powder 
metallurgy (PM) into the mass production of titanium alloys for 
a few decades [2]. in order to guarantee the final PM product 
quality, it is highly crucial to prepare qualified green compact 
during powder compaction stage. But titanium alloy powder 
could be rather difficult to be compressed under normal condi-
tions. Recent years, a newly developed powder compaction 
technique – high velocity compaction (hVC) was therefore 
proposed [3,4], where the green powder was compacted by one 
or several instantaneous high-energy impacts [5]. Compared 
to the conventional compaction, hVC shows advantages in 
increasing the green density, improving the mechanical proper-
ties and enhancing the possibility to produce large-scale parts 
[4,6]. Successful experimental attempts have been made to apply 

hVC technique into the compaction of titanium powder [4,7,8] 
and titanium alloy powder [9-11]. For connecting the compact’s 
green density with the process parameters of hVC, several 
quantity indicators have been employed, such as peak pressure 
[3,11], impact velocity [12,13], impact energy [7,10] and im-
pact energy per unit mass [8]. among these indicators, impact 
energy per unit mass notated using Em, has been demonstrated 
more reasonable and applicable to characterize hVC, since it 
is a normalized parameter and reflects the essence of energy  
conversion as well.

experimental studies on the powder densification behaviors 
and the compact’s quality performance, are commonly time 
and cost consuming, especially when the compact’s shape is 
complex or irregular. Simulation approaches not only provide 
an alternative solution to predict the experimental results with 
more details, but also furthermore throw light on revealing the 
particles flow behaviors and the densification mechanisms. 
Typical simulation schemes for powder compaction, include 
continuum media approach or finite element method (FeM), 
discrete element method (DeM) and multi-particle finite ele-
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ment method (MPFeM). Combining the advantages of both 
continuous and discrete schemes, MPFeM was developed to 
catch the particulate-scale flow and solve the large deformation 
problem simultaneously [14]. Since the particles are modeled as 
solid continuum deformable bodies in MPFeM, many advanced 
material models, such as elastic-plastic with full consideration 
of rate and temperature dependences, viscoelastic, and hyper-
elastic, which are provided by the FeM commercial packages, 
can be directly assigned to the particles. With contrast, in DeM, 
the particles are typically treated as rigid bodies, hence much 
extra efforts are required to equivalently characterize complex 
material models. in addition, comprehensive contact interactions 
between particles can be developed to well characterize the 
compressive, tensile and adhesive contact behaviors. Therefore, 
MPFeM has been employed to investigate the densification 
mechanisms and flow behaviors [15-19], compare the densifica-
tion behaviors under different particle sizes and/or size ratios 
[15,18,20], generate the yield surfaces [21,22], explore the ef-
fect of friction behavior [23,24] and other purposes for powder 
compaction. however, the disadvantage of MPFeM (especially 
3D  MPFeM) is the extremely high computational costs, which 
by far exceed the computational cost of DeM with the same 
number of particles. Therefore, a small portion of the powder 
compact which is defined as the representative volume element 
(RVe), can be only modeled.

Two-dimensional analysis has been demonstrated very 
instructive in studying the compact’s green density behaviors 
during powder compaction [15-20,24-26]. nevertheless, as 
clearly stated in the compaction study of tungsten powder, a dis-
tinct gap was observed in the density-pressure curve between 
the prediction of 2D MPFeM model and the experimental result 
[25]. Moreover, the authors pointed out that the discrepancy was 
caused by the loss of degrees of freedom (DoF) in 2D model. 
Therefore, in order to reliably simulate the green density’s 
dependence on the process parameters for hVC, it is a pre-
requisite to make choice on which model (2D or 3D MPFeM) 
should be adopted. hitherto, quantitative comparison between 
2D and 3D MPFeM models for a specific powder compaction 
case has not been thoroughly investigated. additionally, the 
materials studied in MPFeM models covered aluminum [18], 
copper [26], Fe/al composite [16,24], al/SiC composite [20] 
and others. Compared to those easily densified metal powders, 
densification of  Ti-6al-4V powder is much more difficult due 
to its strong mechanical strength, and has not been widely in-
vestigated. Thus, to the authors’ best knowledge, modeling on 
this powder is still scarce. Moreover, the need for modeling the 
hVC process is urgent, as the process duration is so short (several 
milliseconds) that there are limited experimental approaches to 
monitor the microscale and mesoscale densification behaviors. 
Therefore, modeling on the hVC process of Ti-6al-4V powder 
is of great importance. 

in this paper, the main goal is to distinguish which model 
(2D or 3D MPFeM) is more appropriate to predict the compact’s 
green density behaviors. To this end, both 2D and 3D MPFeM 
models with almost the same particles’ diameter distribution were 

established under displacement control mode. uniaxial hVC 
experiments using Ti-6al-4V powder were performed under 
different Em. Then detailed comparisons were made regarding 
the compaction behaviors and the dependence of the final green 
density on Em. at last, experimental results were introduced to 
determine which model better fitted the reality. Brief discussions 
were made to address the underlying reasons. 

2. High velocity compaction experiments

The purpose of the hVC experiments is to determine the 
relation between the final green density of the compacted speci-
men and Em for Ti-6al-4V powder, thus providing data reference 
to compare the reliability of the following MPFeM simulation 
results. in this study, the uniaxial powder compaction experi-
ments were performed on the lab-built hVC machine. as pre-
sented in Fig. 1(a), the machine is mainly composed of the mold 
assembly, the impact hammer, the electrical controller and other 
mechanical supporting parts. The core mold assembly consists 
of the top punch, the bottom punch and the die. in Fig. 1(b), the 
whole hVC process is made up of three steps, powder filling, 
compaction and ejection. First, Ti-6al-4V powder with mass 
of 4.0 g is poured into the cavity with diameter of 16 mm, and 
sandwiched between the top and bottom punches. The initial 
height h0 of the loose powder is determined as 9.43 mm, by 
measuring the positions of the top punch before and after pour-
ing the powder. During compaction, a heavy hammer which is 
released at a specific height, instantaneously impacts the top 
punch to compress the powder. The impact energy per unit mass 
Em is defined as:

 Em = E/m = Mgh/m (1)

where M = 50 kg is the mass of the hammer, H is the initial 
hanging height of the hammer, and m = 4.0 g is the mass of the 
Ti-6al-4V powder. a strain gauge attached to the bottom punch 
indicates that the duration of the effective compaction process 
is about 2.0-3.0 millisecond, and this value will guide the fol-
lowing simulation setup. after compaction, the bottom punch 
is removed, and then the compact is manually ejected by softly 
knocking the top punch. The density of the compact is measured 
based on the archimedes’ principle which results in the object’s 
density ρ = ρ0W0 /(W0 – W1), where ρ0 is the density of water, 
W0 and W1 are the measured weight of the sample in air and in 
water respectively.

here, the Ti-6al-4V powder was produced using the elec-
trode induction gas atomization (eiga) technique and supplied 
by the aMC PoWDeRS Co. Ltd, Beijing, China. The basic 
properties and particles’ diameter distribution information were 
provided by the company as listed in Table 1. here the particle 
diameter distribution accounts for the number percentage of 
particles in number whose diameter is less than the given value, 
for example, D10 at 102 μm indicates that the percentage of the 
particles with diameter less than 102 μm is 10%. According to the 
quality check data from the powder provider, the diameter values 
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of 80% of the powder particles fall in the range of 102-226 μm. 
From the SeM micrograph of the powder in a considerably dense 
state (Fig. 1(c)),  though there are a small portion of particles 
in small size, most particles are big ones with diameter larger 
than 100 μm. 

TaBLe 1

Basic properties and particle diameter distribution  
of Ti-6al-4V powder

apparent 
density  
(g/cm3)

theoretical 
density  
(g/cm3)

sphere 
degree

particle diameter 
distribution (μm)

D10 D50 D90

2.11 4.42 >=0.90 102 152 226
Chemical 

compositions 
(wt. %)

Ti al V C others

88.5% 5.85% 4.10% 0.03% Balance

3. implementation of 2D and 3D mpFem simulations

in this part, details about both 2D and 3D MPFeM models 
simulating the hVC process were provided. These simula-
tions adopted the displacement control mode, in order to easily 
achieve the same relative density in the end and hence fulfil 
the comparison purpose. Due to the limit of computation costs, 
only a small portion of the real packing was modeled. The initial 
powder packing was generated in the discrete element method 
(DeM) software and then imported into abaqus to implement 
the MPFeM simulation. The details are described as follows.

powder packing generation in Dem software: in order 
to best match the diameter distribution of the simulated particles 
with reality, commercial DeM codes – PFC 2D and PFC 3D 
(Itasca Inc., Minneapolis, USA), were employed to generate the 
initial powder packing. a proper setup for the range of diameter 

Fig. 1. (a) The components composition of the lab-built hVC machine, (b) the schematic illustration of the uniaxial hVC experiment setup,  
(c) the SeM micrograph of the Ti-6al-4V powder (amplification ×100) which was in a considerably dense state
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realized the basic control on particles generation. Moreover, a low 
cut-off value was set to avoid too small particles. Since the real 
diameter distribution was close to gaussian function, the key 
word gauss was included in the particles generation command. 
gravity deposition method was adopted to reach equilibrium. 
herein, 174 circular discs were generated within the rectangular 
box with dimensions of 2000×2440 μm for 2D model (Fig. 2(a)). 
Meanwhile, 135 spheres were generated within the cubic box with 
dimensions of 800×800×900 μm for 3D model (Fig. 2(b)). Both 
cumulative histograms of the generated particles’ diameter distri-
bution (Fig. 2(c)) were very close to the provided data in Table 1. 

mpFem implementation in abaqus: after the particles 
generation in PFC codes, the center coordinates and diameters 
of the generated particles were extracted, and then transferred to 
regenerate the initial packing in abaqus via Python scripts. The 
discs and spheres were deformable, while the walls and punches 
were defined as rigid bodies. The walls and bottom punch were 
fixed at all the degrees of freedom. For the displacement control, 
a time-dependent displacement was applied to the top punch 

in the vertical direction. The displacements were 525 μm and 
440 μm for 2D and 3D models respectively. The compaction 
duration was chosen as 2.0 ms which was coherent with the 
experiments. Since the deformation in z direction was assumed 
zero for 2D model, the compaction simulation was defined as 
plane strain analysis in xy plane. Proper meshes were generated 
for all the deformable particles, herein, 414 quadrilateral plane 
strain elements were meshed for each disc, and 3936 hexahedral 
3D stress elements were meshed for each sphere. The mesh fine-
ness parameter which is defined as the ratio of particle diameter 
to element size, is usually employed to determine the proper 
mesh size. according to the mesh fineness investigation in a very 
similar 3D MPFeM study for powder compaction [22], it was 
concluded that the simulation results reached good convergence, 
when the mesh fineness was higher than 8. From the demo 
meshes for both models in our study (Fig. 2(a) and 2(b)), much 
greater mesh fineness values were adopted, which were 22 and 
15 for 2D and 3D models respectively, thus convergence would 
be expected with good reason. Because high velocity compac-
tion is an instantaneous impact process, the dynamic explicit 

Fig. 2. (a) 2D MPFeM model, and (b) 3D MPFeM model implemented in abaqus, (c) the histograms of particles’ diameter distribution for 2D 
and 3D models respectively
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procedure was adopted. To accelerate the computation speed, 
a proper mass scaling scheme was also employed.

The Coulomb friction model with penalty formulation and 
hard contact pressure-overclosure algorithm, were used for both 
models to characterize the tangential and normal interaction 
behaviors respectively. Both the wall-particle friction and the 
interparticle friction could affect the densification behaviors. 
Since the rigid walls in the models only served as the boundary 
conditions of the representive volume element (RVe), the wall-
particle friction was set zero herein, which is a typical treatment 
in other references [22,27,28]. on the other hand, it is commonly 
recognized hard to accurately determine the interparticle friction 
because of the microscale size, granular rheology and complex 
dependences on load conditions. Concerning this limitation, 
four assumed interparticle friction coefficients (0.01, 0.10, 0.20, 
0.30) were used in the simulations, in order to reasonably study 
the effects of interparticle friction. Surface-to-surface contact 
detection method was applied for 2D model, and possible contact 
pairs were defined in advance. The automatic general contact 
detection method was adopted for 3D model. 

J-C model for ti-6al-4V: The flow stress of metals and 
alloys strongly depends on strain, strain rate and temperature. 
Since the hVC process for Ti-6al-4V was finished within 
several milliseconds, the strain rate could be so high that the 
effect of strain rate on the working hardening was significant. 
This could be one of the basic differences between hVC and 
conventional compaction. Though the transient temperature of 
powder could be increased during hVC, the induced temperature 
effect was neglected here, because the increased temperature 
is believed to be small enough compared to the melting point 
of Ti-6al-4V (1620°C). Therefore, a concise flow stress form of 
the Johnson-Cook equation removing the temperature depend-
ence was adopted:

  
0

1 lnn
pA B C


 

  
       




  (2)

where A, B, C, n, are constants, εp
n is the effective plastic strain, 

ε· is the dynamic strain rate. These parameters for Ti-6al-4V alloy 
at room temperature were reported in Ref [29] as listed in Table 2. 

TaBLe 2
Material properties of Ti-6al-4V alloy

elastic 
modulus 

(gpa)

poisson’s 
ratio

Johnson Cook model parameters [29]

A (mpa) B (mpa) C n ε·0

112 0.34 870 632 0.032 0.45 10–3

4. results and discussion

4.1. HVC experimental results

experiments were conducted under 8 different impact 
heights from 0.5 m to 1.4 m, and each set of tests were re-

peated three times. The corresponding Em was in the range of 
 61.25-171.50 J/g. The green density values of the complete 
compacts are presented in Table 3. at Em = 61.25 J/g, the com-
pact cracked and broke into several pieces,  so the density at this 
point was not accounted.

TaBLe 3
experimental green density values of compacts under different 

impact heights

no.
impact 
height 

(m)
Em (J/g)

Compact’s 
height h 

(mm)

Density 
(g/cm3)

relative 
density –ln(h/h0)

1 0.5 61.25 — — — —
2 0.6 73.50 5.365 3.708 0.839 0.563
3 0.7 85.75 5.350 3.718 0.841 0.566
4 0.8 98.00 5.224 3.807 0.861 0.590
5 0.9 110.25 5.156 3.858 0.873 0.603
6 1.0 122.50 5.057 3.934 0.890 0.623
7 1.2 147.00 4.843 4.107 0.929 0.666
8 1.4 171.50 4.734 4.202 0.951 0.689

The relative green density values of the Ti-6al-4V pow-
der compacts are plotted against Em in Fig. 3(a), accompanied 
with other reported data of titanium and Ti-6al-4V powder 
compaction for comparison purpose. The relative green den-
sity significantly increased from from 0.839 to 0.951 when Em 
was increased from 73.50 J/g to 171.50 J/g. Compared to pure 
titanium powder, it is observed that a higher Em is required for 
Ti-6al-4V alloy powder to achieve the same relative density, 
mainly because Ti-6al-4V alloy is superior to pure titanium in 
mechanical strength. Taking for example, for titanium powder, 
93.5% at 111.7 J/g [4], and 96.0% at 121.7 J/g [8] were reported, 
while for Ti-6Al-4V in our study, 92.9% at 147 J/g, and 95.1% at 
171.5 J/g were determined. on the other hand, our results were 
close to the reported data in reference [10] where the Ti-6al-4V 
powder particles were in irregular shape with a median diameter 
of 103 μm, but some difference still existed possibly because 
of the discrepancies in both the size and shape of particles. 
Therefore, these factors such as powder chemical compositions, 
particulate size and shape, all could affect the compact density. 
The images of the compacts are aligned together in Fig. 3(b), 
and the SeM micrographs of the compact’s top surface under 
four impact heights are presented in Figs. 3(c)-(f). at macroscale, 
with Em increasing, the cracks on the compact gradually disap-
peared, and sound solid compacts were formed when Em was 
above 110 J/g. From the microscale viewpoint, the particles were 
much more extensively deformed at higher Em, resulting in the 
significant improvement of density and formability.

4.2. Comparison of densification behaviors between 2D 
and 3D mpFem models

The equivalent stress contours at four moments with equal 
time interval are presented in Fig. 4 where the interparticle 
friction coefficient is 0.20, in order to show the evolution of 
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the displacement-controlled compaction process. The relative 
density of 2D model is calculated using ρ = Ap /Abox, where 
Ap is the sum area of all the discs and Abox is the area of the 
rectangular simulation box. For 3D model, the relative density 
is calculated using ρ = Vp /Vbox, where Vp is the sum volume of 
all the balls and Vbox is the volume of the cubic simulation box. 
The typical pressure-strain and pressure-density relations are 
plotted in Fig. 5 to characterize the compaction behaviors. To 
quantitatively compare the compaction behaviors between 2D 
and 3D models, it is better to use the applied pressure rather than 
the reaction force. The applied pressure at the bottom surface 
is calculated using σy = Fy /A, where Fy is the bottom reaction 
force of the system in the vertical direction, and A is the area of 
the bottom surface. The true strain of the compact is referred as 
ε = –ln(h/h0), where h0 is the initial height of the enclosed box, 
and h is the changing height during compaction.

Combining Fig. 4 and Fig. 5, for both models, the powder 
packing system experienced two typical stages, that is, the par-
ticles rearrangement and the continuous densification. During 
the particles arrangement stage, the applied pressure didn’t obvi-
ously change with the increasing true strain in the starting curve 
segment of Fig. 5(a). on the contrary, in Fig. 5(b) the relative 
density began to increase while the applied pressure only slightly 
increased. Moreover, it seemed that the particles rearrangement 

was more obvious in 3D model. With further displacement, the 
powder assembly entered the densification stage. Stress concen-
tration first occurred on the particle-particle and particle-wall 
contact interfaces. especially, for the 2D powder packing system, 
the force chains can be clearly observed at 0.5 ms moment. Then 
plastic yielding gradually dominated almost all the particles. 
The applied pressure significantly increased with the true strain. 
Meanwhile, the porosities were continuously filled so the rela-
tive density was increased. gradually, the slopes of the curves 
in Fig. 5 became steeper, indicating that further densification 
turned more difficult. in the end, nearly fully dense compacts 
were achieved for both models as shown in Fig. 4. additionally, 
the effect of interparticle friction was reflected in Fig. 5. For both 
models, when the interparticle friction coefficient was increased, 
in order to achieve the same true strain or relative density, a 
higher external pressure was required, indicating the powder 
assembly was more difficult to be compressed.

Distinguished from Figs. 5(a) and 5(b), there are discrep-
ancies in the pressure-strain and pressure-density behaviors 
between 2D and 3D models. Firstly, the true strains required 
to achieve the nearly fully dense compact were different, ap-
proximately 0.24 and 0.65 for 2D and 3D models respectively. 
Secondly, an obvious gap existed in the initial relative density 
values, which were about 0.78 and 0.50 for 2D and 3D models 

Fig. 3. (a) The relation between the experimental relative density and Em for Ti-6al-4V powder, (b) the images of the powder compacts under 
different Em, (c)-(f) the SeM micrographs of the compact’s top surface under different impact heights
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respectively. as the particle diameter distribution was controlled 
to be almost the same initially, this gap was probably caused by 
the intrinsic differences in the spatial dimensions. it is noteworthy 
that the gap in the initial density between 2D MPFeM and reality 
has been also observed in other works, for example, the gap is 
about 0.10 for powder particles with diameter of 5.48 μm [25]; 
and the gap is 0.25 for random particles assembly with average 
diameter of 250 μm [27]. From these data, it appears that the 
discrepancy in the initial density between 2D and 3D models 
could be related to the diameter distribution. in sum, because of 
the differences in the required compaction distance and the initial 
density, the typical pressure-density curves for characterizing 
the compaction process were separated in Fig. 5(b) between 2D 
and 3D models. Comparisons made in this part could be help-
ful to explain the observed discrepancies between 2D MPFeM 
simulation and experiment.

To further clearly compare the densification difficulty extent 
between 2D and 3D models, the relation between the relative 

green density ρ and the applied pressure P was fitted by using 
the heckel compaction equation, which is given as below [30]: 

 1ln
1

KP A


 
   

  (3)

where A is constant, and K is the slope of the fitting curve. 
a smaller K indicates it is more difficult to condense the powder 
packing. in order to reasonably compare the densification per-
formance in the same density range, the fitting data of 3D model 
started from the initial relative density of 2D model. The fitting 
results are presented in Fig. 6(a), and the values of the fitting co-
efficient K are compared in Fig. 6(b). First, the simulation results 
in Fig. 6(a) were well fitted with good confidence, which vali-
dated the reliability of the proposed MPFeM procedures. Since 
the values of K for 2D model were all greater than 3D model, 
it was indicated that densification of 2D model was relatively 
easier than 3D model, which could be caused by the difference 
in the degrees of freedom under deformation. in addition, for 

Fig. 4. The equivalent stress contours for (a) 2D model and (b) 3D model at four moments with equal time interval during the displacement-
controlled compaction process

Fig. 5. (a) The relation between the applied pressure and the true strain, (b) the relation between the applied pressure and the relative density for 
both 2D and 3D models
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both models, the fitting slope K decreased with the interparticle 
friction coefficient, in accord with the common fact that powder 
densification became difficult when the friction coefficient was 
increased. Moreover, judging from the decreasing amplitude 
of K, it was implied that the effect of friction on densification in 
2D model could be more significant than 3D model.

4.3. Comparison of the density prediction validated  
by experiments

Based on the above comprehensive comparisons for two 
models, in this part, the experimental results were introduced to 
elucidate which model generated more accurate prediction on 
the density behaviors. The density-strain relation was compared 
in Fig. 7(a) from the aspect of the macroscopic deformation 
extent, meanwhile the dependence of the relative density on 
Em was compared in Fig. 7(b). For different interparticle fric-
tion coefficients, the density-strain curve was the same because 
the compaction simulation was controlled by the displacement 
mode; however, for both models, when the interparticle friction 

coefficient was increased, more impact energy thus a higher Em 
was required to achieve the same density. as observed, the 2D 
model indicated that an almost fully dense compact was achieved 
under the true strain of only about 0.24 and at an approximate 
Em value of only 56 J/g. however, these predictions generated 
from 2D model were much less than the experimental results. 
With contrast, as clearly reflected from both comparisons, the 
predictions of 3D model were well agreeable with the experi-
mental results within acceptable tolerance. The errors between 
the 3D model and the experiments could be attributed to several 
aspects, such as the mismatch of the friction coefficient, the ma-
terial mechanical properties and the particles’ size distribution. 
Besides, the springback of the compact was not included under 
the displacement control mode.

Therefore, validated by the experimental results, it was 
suggested that the 3D MPFeM model generated more realistic 
predictions than 2D model, in terms of the final density’s depend-
ence on both the true strain and Em. The discrepancies between 
2D and 3D MPFeM models, could be explained by the two fol-
lowing aspects: the degrees of freedom (DoF) loss in 2D model 
and the initial packing density. The balls in 3D model have six 

Fig. 6. (a) Fitting curves for the simulation results by using the heckle equation, (b) the fitting coefficient K at different interparticle friction 
coefficients for both 2D and 3D models

Fig. 7. Comparisons between 2D and 3D models with experimental validation from two aspects: (a) the relation between the relative density and 
the true strain, (b) the relation between the relative density and Em
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DoF, while the discs in 2D model have only three DoF since 
the movement in z direction was fixed in 2D model. The tight 
boundary conditions on the discs resulted in a more constrained 
system, and hence filling the porosities during compaction was 
relatively easier in 2D model. on the other hand, the relative 
density of the initial packing was about 0.78 for 2D model, but 
only 0.50 for 3D model. Since the initial packing density of 2D 
model was much higher, less displacement and impact energy 
would be required to accomplish the densification process, which 
well explained the discrepancies from another aspect.

5. Conclusions

high velocity compaction experiments using Ti-6al-4V 
powder were performed under different Em. The final relative 
green density of the compacts increased from 0.839 to 0.951 
when Em was increased from 73.5 J/g to 171.5 J/g. Comprehen-
sive comparisons between 2D and 3D MPFeM models were 
made with regards to the typical densification behaviors, such as 
the density-strain and pressure-density relations. From the fitting 
results using the heckel compaction equation, it was indicated 
that densification of 2D model could be relatively easier than 
3D model for our scenario. eventually, confirmed by the experi-
mental results, the 3D MPFeM model generated more realistic 
predictions than 2D model, in terms of the final green density’s 
dependence on both the true strain and Em. The reasons were 
explained by the discrepancies in both the particles’ degrees of 
freedom and the initial packing density. our research would be 
helpful for providing advice in choosing the proper dimension 
of MPFeM model to more closely match the simulation results 
with experiments.
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