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Abstract. Power Metallurgy Hot Isostatic Pressing (PM-HIP) is a manufacturing process, capable 
of producing net shape or near net shape components with complicated geometries from materials 
that are often difficult to cast and/or deform. However, the post-HIP quality and requirement of 
any additional process, such as machining, depends on the design and geometric complexity of the 
capsule. First of a kind geometry often requires several iterations of prototype builds. Considering 
the cost and long durations of HIP cycles, usage of computer models in order to predict parameters 
for an optimal capsule design of a PM-HIP process which produces a sound product in the first 
trial is extremely valuable. In this study, the pre-consolidation capsule filling process is simulated 
by Discrete Element Method (DEM) to capture the initial relative density. Finite element analysis 
(FEA) modeling of HIP, which includes a combined constitutive model based on compressive and 
consolidative mechanical behavior of powder uses the DEM results as input. Accuracy of the 
simulation tool is confirmed by comparing against a corresponding physical PM capsule 
fabrication and HIP experiment with pre- and post-HIP 3D scanning. The result shows that 
consolidation occurs as the model predicts, with negligible deviations on sharp edges.  
Introduction 
In HIP, a thin-walled capsule is filled with metal/alloy powder. After that the capsule is sealed and 
outgassed and then goes under a high-pressure and high-temperature HIP cycle for a given 
duration, usually in the order of 2 to 4 hours. The high pressures and temperatures lead to a 
noticeable shrinkage and deformation of the capsule [4,5] resulting in a near net-shaped 
part/component. A slight deviation in HIP parameters and factors can result in both microstructural 
and/or geometrical anomalies in the final produced part/component [6].  

The filling step and early stages of the HIP process often involve the use of atomized metal 
powders; therefore, the Discrete Element Method (DEM) is the appropriate tool for modeling 
purposes [7]. At later stages of HIP where some degree of consolidation happens,  FEA is more 
prominent in predicting the behavior and more applicable for to continuum models [7–13].  
One of the more critical input parameters in the HIP process is the relative density (RD), the ratio 
of the density of the powder compact to the density of the bulk material. Accordingly, the central 
phenomenon of the HIP process is the evolution of RD to unity. Therefore, understanding RD 
distributions of the pre- and post-HIP parts are critical for a robust prediction of the shape of the 
final compact (solidified powder) and behavior of metal powders during the process [2, 3].  
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According to the literature, the RD in filled HIP capsules may vary between 54% to 74% 
depending on the metal powder properties, filling procedure parameters, and the geometry of the 
capsule [14]. Previous studies have shown that establishment of a  homogenous RD for the powder 
can help to achieve more accurate design of the component [8, 15]. The evolution of RD is a direct 
function of the volume change (consolidation/shrinkage), which is related to permanent 
deformation of the compact [16, 17]. Abouaf [5] developed an incremental and implicit finite 
element algorithm for compressing metal powders. It was proposed to extend the previous porous 
material plasticity theories of Oyane et. al.  [18] and Kuhn [19] to capture complexities of HIP. 
The additional deformation in HIP was captured by accounting for creep, as the component is 
exposed to high temperatures.  

Wickman et. al. [20] looked to develop a numerical simulation method to predict the final shape 
of the HIP’ed products by focusing on reducing the cost of the final parts by reducing the amount 
of machining required. Rate-dependent (viscoplastic) and rate-independent deformations were 
considered in this study. Based on dilatometry experiments, considerable deformation and particle 
rearrangement occurred during the early stages of HIP. However, due to fitting the viscoplastic 
deformation parameters to the entire process, the final axial deformation showed larger 
deformation. Van Nguyen and coworkers [8], discussed the importance of the density distribution, 
local RD gradient and knowledge of the amount of RD in improving the deformation and shrinkage 
during the HIP stages.  

To investigate the effects of filling parameters on RD, three different capsule filling methods: 
1) benign filling, 2) filling with tapping and 3) filling with vibration; were considered. The result 
suggested that near net shape parts require a stable powder particle size distribution, good mixing, 
and homogenous density gradient (close range of RD).  Each of these are obtainable by conducting 
filling with tapping and vibrations. 

In the current study, the pre-consolidation capsule filling process is simulated by discrete 
element method (DEM) to capture the initial relative density. Then FEA modeling of the HIP 
process with the DEM results as an input was used. This modeling includes a combined 
constitutive model based on mechanical behavior of the powder during compaction and 
consolidation in conjunction.  
Methodology  
1. Discrete Element Method (DEM) 
DEM is a numerical technique based on a set of motion equations to model the movement and 
flow behavior of granular media [21,22]. DEM is founded on analyze forces due to particle- 
particle and particle-wall interaction [23,24]. The motion of each particle is captured by the 
Newton’s second law. Therefore, for particle 𝑖𝑖 in a body of powder, the following equations are 
derived: 
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Where 𝑚𝑚𝑖𝑖 is the mass of particle 𝑖𝑖 and 𝑛𝑛 represents the total number of particles in the system. 𝑣𝑣 
is velocity.  𝐹𝐹𝑡𝑡 and 𝐹𝐹𝑛𝑛 are respectively the tangential and normal contact force components. 𝐼𝐼𝑖𝑖 is 
the moment of inertia of particle 𝑖𝑖, 𝜔𝜔 is angular velocity, and 𝑇𝑇𝑡𝑡, 𝑇𝑇𝑟𝑟 are respectively the tangential 
and rolling torque [25]. In HIP process, particles have compressible plastic behavior, therefore 
Hysteretic Linear Spring Contact model is chosen to use in this work, due to its capability to show 
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acceptable model for the granular material. Hysteretic Linear Spring Contact Model (HLSC) is 
based on the formalism proposed by Walton and Braun [26].  
2. Constitutive model 
For the FEA simulation used in this research,  a combined constitutive model that can capture the 
complexities of the various active mechanisms in an acceptable way, is presented by Van Nguyen 
et. al. [29].  This combined model is based on the rate-dependent model by Abouaf [32] and Kuhn’s 
and Downey‘s time-independent plasticity model [33]. In this model plastic yielding, linear 
isotropic hardening, and viscoplastic deformation lead to volume shrinkage and densification. The 
total strain developed in the powder is decomposed as follows:  
 

𝜀𝜀𝑖𝑖𝑖𝑖 = 𝜀𝜀𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒 + 𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑒𝑒𝑒𝑒 + 𝜀𝜀𝑖𝑖𝑖𝑖𝑡𝑡ℎ (3) 

𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑒𝑒𝑒𝑒 = 𝜀𝜀𝑖𝑖𝑖𝑖
𝑝𝑝𝑒𝑒 + 𝜀𝜀𝑖𝑖𝑖𝑖𝑐𝑐𝑟𝑟 (4) 

 
Where 𝜀𝜀𝑖𝑖𝑖𝑖 is total strain and 𝜀𝜀𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒, 𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑒𝑒𝑒𝑒, 𝜀𝜀𝑖𝑖𝑖𝑖𝑡𝑡ℎ are elastic strain, inelastic strain and thermal strain. 

The inelastic strain is then decomposed into 𝜀𝜀𝑖𝑖𝑖𝑖
𝑝𝑝𝑒𝑒 and 𝜀𝜀𝑖𝑖𝑖𝑖𝑐𝑐𝑟𝑟which represent plastic and creep strains. 

Both primary and secondary creep mechanisms are considered in the creep strain term. Based on 
Kuhn’s and Downey’s work [19], an ellipsoidal yield surface which is a modified form of Von 
Mises criterion was used in the combined model. The yield function 𝑓𝑓 is described by the following 
equations: 
 

,𝜌𝜌, 𝜀𝜀𝑝𝑝)= 𝜎𝜎𝑒𝑒𝑒𝑒-𝑟𝑟1( 𝜌𝜌,𝑝𝑝)− 𝜎𝜎𝑦𝑦(𝜌𝜌)= [𝐴𝐴(𝜌𝜌) 𝐽𝐽2 +  𝐵𝐵(𝜌𝜌)𝐼𝐼12]1/2 − ℎ𝜌𝜌𝑚𝑚 − 𝜎𝜎0𝜌𝜌𝑘𝑘 (5) 
 

Where 𝜎𝜎𝑒𝑒𝑒𝑒 is the equivalent plastic stress that is a function of Cauchy stress components and 
the relative density via the 𝐴𝐴(𝜌𝜌) and 𝐵𝐵(𝜌𝜌) , which are themselves functions of the relative density 
and the plastic Poisson ratio 𝑣𝑣𝑝𝑝𝑒𝑒. In linear isotropic hardening, 𝑟𝑟1( 𝜌𝜌,𝑝𝑝), which  the relative density 
(𝜌𝜌) and equivalent plastic strain (𝜀𝜀𝑝𝑝) [30] had an impact linear hardening for porous materials. 

The tangential modulus ℎ and exponent 𝑚𝑚 are obtained by uniaxial compression experiments. 
𝜎𝜎𝑦𝑦(𝜌𝜌) is the initial yield stress which is a function of relative density, 𝜌𝜌. 𝜎𝜎0 is the yield stress in 
the fully dense material and 𝑘𝑘 is a parameter obtained from detailed experiments. 

Time independent inelastic deformation via creep, based on the Abouaf et. al. [32] creep model 
is used in this study. The creep rate (  𝜀𝜀�̇�𝑖𝑖𝑖𝑐𝑐𝑟𝑟 ) for porous materials is represented in the form of: 

 

  𝜀𝜀�̇�𝑖𝑖𝑖𝑐𝑐𝑟𝑟 = 𝐴𝐴(𝑇𝑇)𝜎𝜎𝑒𝑒𝑒𝑒2
𝑁𝑁(𝑇𝑇)−1 �

3
2
𝑐𝑐(𝜌𝜌)𝑆𝑆𝑖𝑖𝑖𝑖 + 𝑓𝑓(𝜌𝜌)𝐼𝐼1𝛿𝛿𝑖𝑖𝑖𝑖� (6) 

 
Where 𝐴𝐴(T) is a function of temperature, 𝑁𝑁(𝑇𝑇) is the Dorn’s constant parameter and 𝑐𝑐(𝜌𝜌) and 
𝑓𝑓(𝜌𝜌) are experimental values measured as functions of relative density. 𝜎𝜎𝑒𝑒𝑒𝑒 represented the 
equivalent stress due to creep deformation [34]. 
 

𝜎𝜎𝑒𝑒𝑒𝑒2 = 3𝑐𝑐(𝜌𝜌)𝐽𝐽2 + 𝑓𝑓(𝜌𝜌)𝐼𝐼12 (7) 
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Thermal strain increment is calculated as follows:   
 

Δ𝜀𝜀𝑖𝑖𝑖𝑖𝑡𝑡ℎ = 𝛼𝛼𝑡𝑡ℎ.Δ𝑇𝑇. 𝛿𝛿𝑖𝑖𝑖𝑖   (8)   
  

Where 𝛼𝛼𝑡𝑡ℎis the thermal expansion coefficient that depends on relative density and 
temperature. Δ𝑇𝑇and 𝛿𝛿𝑖𝑖𝑖𝑖 are respectively, the change in temperature and the Kronecker’s 
delta[29][15,34]. 

The density and temperature dependent model described above was coded in FORTRAN. As 
mentioned before, initial relative density values were transferred from DEM simulations; then 
input into the finite element analysis software ANSYS, through the User Programmable Feature 
(UPF) capability of ANSYS. ANSYS calculation engine solves for location dependent stresses 
and strains [35] for every timestep via Newton-Raphson iteration and updates density, 𝜌𝜌 , 
accordingly based on the Eq. 8. 
 

𝜌𝜌𝑡𝑡+∆𝑡𝑡 = 𝜌𝜌𝑡𝑡  exp (∆𝜀𝜀𝑘𝑘𝑘𝑘𝑖𝑖𝑛𝑛𝑒𝑒) 
 

(9) 

3. Application of the Model 
In the current study, the combined DEM and FEA models are used to simulate the HIP compaction 
of an example capsule geometry which can then be compared to experimental physical HIP capsule 
and 316L components. The application starts with investigating the initial density from the pre-
consolidation process using DEM software. The 3D geometry used for the DEM part is shown in 
Fig. 1. (for the FEA simulation, a 2D axisymmetric figure is used to reduce the computational 
times since the component is symmetric around the Z axis). The particle distribution curve of the 
316L powder is shown in Fig. 2. The pre-consolidation powder filling parameters such as time, 
and vibrational setups (frequency and amplitude) has been considered as 15 minutes, 60 HZ and 5 
mm. The DEM filling simulation then provides an initial density that is transferred to the FEA 
model for stainless steel 316L. The material constants for the aforementioned equations are 
simulated with FORTAN code and the final dimensions of the capsule can be evaluated with 
experiment results.  
 

 
Figure 1. 3D model and 2D axisymmetric geometry 
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Figure 2. Particles size distribution 

 
Results and Discussion 
Figure 3 provides the outcome of DEM simulation of filling. Before the vibration starts (Fig. 3(a)) 
particles are segregated and separated. Larger particles mostly congregate at the inner sides due to 
gravity. As the vibration is begun, the particles with variety of sizes move and mix well together 
especially at the top region of the capsule. By longer duration of vibration, smaller particles 
migrate to the bottom of the capsule and improve the relative density (Fig. 3(b)) near the bottom 
of the capsule. 

The initial RD (filled volume fraction) transferred from DEM to FEA is provided in Fig. 4 
shown in discretized volumes. Figure 5 (a) shows the initial RD along with the density plot during 
the simulated HIP cycle compaction process. The result shows that maximum initial density is 
0.6796 and the minimum density is 0.6016. Figure 5 (b) suggests that as the compact RD 
approaches 1, the part reaches the full densification level. As shown, the regions with more 
complex edges and corners demonstrate a lower RD. This suggests that the complexity of the 
capsule geometry and shape of the capsule affect the RD. The sharp corners and small dimension 
sections in both experiments and modeling may show slight deviation from full densification, due 
to constrained deformation/shrinkage in those areas. In parallel, a HIP capsule of the same pre-
HIP capsule geometry was fabricated from mild carbon steel, filled with 316L powder, and 
captured pre- and post-HIP dimensions geometries via 3D laser scanning shows in Fig. 6. 
Comparison between FEA simulated post-HIP and experimental post-HIP dimensions are 
presented in Fig. 7, show acceptable result between simulation and experiment. 

 

 
Figure 3. DEM pre-consolidation process 
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Figure 4. Volume fraction defined by Eulerian statistics exported from DEM as input to FEA 

 

 
Figure 5. (a) RD plot during the HIP compaction cycle (b) final RD  

 

 
Figure 6. Experimental capsule post-HIP (dots for 3D scanning) 
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Figure 7. FEA modeling and HIP Experiment compared 

Conclusions  
In this study, the HIP process was modeled from the pre-consolidation stage to the final densified 
status. DEM was used to model the pre-consolidation filling process to establish the initial relative 
density (RD) of the compact, with the effects of vibration included. Finite element analysis (FEA) 
modeling of HIP, which includes a combined constitutive model based on compressive and 
consolidative mechanical behavior of powder uses the DEM results as input. The simulation 
predicted consolidation with an acceptable accuracy with the experiment. The result shows that 
full consolidation occurs with negligible deviations on sharp edges. Two additional example 
geometries are planned for fabrication and consolidation for further benchmarking of the 
simulation tool to real-world HIP component fabrication. 
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