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Abstract

During Hot isostatic pressing (HIP) of migtawder, power-law creep is the dominant
mechanism during the densification process. Howdkierunderstanding of the global impact
of the thermo-mechanical boundary conditions andthaf powder granulometry on the
microstructure obtained after this first mechanismmot straightforward. A finite element
methodology based on the use of a level set framewaupled with a remeshing technique is
proposed in order to model the viscoplastic defdionaof powder particles during HIP at the
mesoscopic scale thanks to a Representative Elamyeviblume. The methodology consists
in generating, in a finite element mesh, a spheaekipng of particles by representing
implicitly all particles by means of a limited s#tlevel-set functions. Mesh adaptation is also
performed at particle boundaries to describe pigptre particles and to manage the
discontinuity of the physical properties. Such 2iale mesoscopic densification simulations
are presented and discussed.

Keywords: HIP, powder densification, level-set function, eshing technique, mesoscopic
scale

1. Introduction

Because of opportunities that Hot Isostatic PresgilP) offers in both technical and
economic points of view, this process is incredginged in industries for the manufacture of
diverse engineering components. This technologywallthe production of near-net-shape
densified metal or ceramic parts. HIPing processsists of the application of an isostatic
pressure through a gaseous or liquid medium toutig@ssed and canned powder mass at an
elevated temperature. The modeling of HIP is amapel complex research problem as it is
composed by several mechanisms that contribute Itsineously or successively to
densification [Atkinson and Davis, 00].To achieve a better understanding of the local
heterogeneities, which can appear during HIP psdess essential to develop computational
models at both the macroscopic and the particlakescDuring conventional HIPping, the
first dominant mechanism taking place in the predssthe plastic deformation of powder
particles, which at such high temperature, cangasanably addressed by power-law creep
models. Then, when the temperature and pressureraan@ed up in phase, several
mechanisms like surfacic or volumic diffusion ag¢ tharticles interfaces appear and become
preponderant for the last percent of densificafi®ansing and al., 00]. The influence of these
mechanisms can be neglected in most of the timewofpaction process. That's why, they
will not be discussed in this article.

Today, thanks to considerable progress in commuiatiand experimental domains, we
can have access to microscopic information and hmday processes at the mesoscopic and
microscopic scale. Modeling at the REV scale caovide some clarification and explain
about the prediction of the behavior of the manuifiad parts by studying the impact of



process parameters (temperature, pressure, dyratywanulometry, ...) on final
characteristics. The overall main objectives of wwgk reported in this article are to model
the preponderant mechanism at the beginning of Whith is the viscoplastic deformation of
the particles, and to follow the kinetics of thensiéication at the REV scale. Powder
compaction modeling on the particle scale has Iesated by a numbers of research groups.
These investigations are based on a finite elemm&thod or discrete element method or a
combination between the two methg&ansing and al., 00][ Gething and al., O8he finite
element model is based on a force balance andagrany effect of powder acceleration in a
Lagrangean domain. Moreover, the inter-particlecepga not meshed and a friction between
powder and tool set is introducgRiansing and al., 00]in addition, the computational cost of
these approaches is still a disadvantage especdralBD. In this paper, a finite element
strategy based on a level set framework, coupleti @wn adaptive automatic remeshing
technique, to model the power compaction is presentloreover, a Eulerian framework is
adopted and a multiphase flow problem is describeaalsingle mesh domain which includes
all sub-domains of the REV.

Hence, in this present paper, we shall first re¢h# governing equations of the
mechanical problem, the constitutive laws adopted ldoundary conditions applied. Then,
the finite element model and the remeshing teclascqare described. Afterwards, results are
shown and discussed. Finally, we close with conolpdemarks and possible future work.

2. Mechanical modeling

To simulate the consolidation of powder during Hiifdcess at the mesoscopic scale, a
REV, composed of 2D circular powder particles ameériparticle space (IPS), is considered.
Modelling the particles deformation is one of thaimgoals of our work. Thus, in order to
not follow the evolution of the IPS through boundarof the domain, a Eulerian framework
description is adopted.

2.1. Governing equations

The equations governing the mechanical behavitherREV domain are the momentum
and the mass conservation equations which can ittenvas:

dv
— =0+ , 1
P o8 (1)
0
a—’f+DHp\/)=0 , )

whereyv is the velocityg the Cauchy stress tensprthe density and g the gravity field.

2.2. Material behavior

A gas atomized 316L stainless steel powder has §&lected for this studyt is generally
assumed that the high temperature deformation meéhaof particles involves a power-law creep
behavior [Choi and Gethin, 09], [Helle and al., ,8B)ilkinson and Ashby, 75] which can be
described thanks to the classical following equmtio

S=2K(/3&)™ e 3)

where Si and: denote, respectively, the stress deviator teriserstrain rate tensor and the
equivalent strain rate. K is the metal consisteswog m the strain rate sensitivity coefficient,
both being temperature dependent. The temperagendlent material data for 316L powder
are taken from referenc@srzt and al., 83] and [Bouaziz and al., 9¥Ye take as hypothesis that
the IPS behaves like a compressible Newtonian {iiigd n and m = 1 in equation (3)):



S=2ndeV¢) (4)

wheren is the dynamic viscosity andeV(¢) denotes the deviatoric part f

2.3. Solution strategy

For a better consideration of the behavior of 8 (vaccum in HIP), the method used is
to introduce a compressibility term (5} in the mass conservation equation. So the foligwi
equations are solved:

p(%mm/):m (2K (+/38)™ &) - Op + py, (5)
OW+C,p=0 . (6)

wherep, Cx, K and m are introduced by a mixture law. To idtroe the incompressibility of
the powder particles, the value of the compressibdoefficient G=¢’ is considered very
close to zero. Concerning the IPS, values pfaf@ high (¢>>¢’) to take into account the
compressibility of the medium.

Two types of boundary conditions (BC) are considerss a first approach, an isotropic
pressure is applied (Fig. 2). In a second approactmal stress is applied on two
encompassing domains and symmetry conditions goesed on the two other boundaries of
the REV (Fig. 1).

3. Numerical modeling
All numerical calculations mentioned in this papare performed with the Cimlib finite
element C++ library developed in Cemef.

3.1. Levd set framework

In our approach, a level set method is used. inige felement context, for describina the two
media and the virtual tools used to impose the Baonconditions. The level set approach is
a numerical method that enables to locate ancgtk surfaces or interfaces. Powder particles,
the surrounding domain (SD) (which transmits allsBG IPS and powder particles) and IPS
are implicitly described using a signed distanagcfion a, to the interface of the considered
object ¢ [Coupez, 06]. Therefore, the interfateeis given implicitly by the zero isovalue of
the level set function.

d(x,0c) if xdc
a(x) = 0 if xOoc ) (7)

—d(x,dc) if xOQ-c.

For each node of the FE mesh, the level set fumasoevaluated. Then, it is possible to
determine the function anywhere in the domainthinfirst instance, taking into account that
all particles have the same behavior and to avaidngportant cost of computation, we
worked with one level set function representing mlwder particles. Assuming that each
particle has a distance functian(x) defining its interface, the functionr(x) = max (a, (X))
represents the global distance function that defalepowder particles. In fact, its zero value
corresponds to the envelope of the union of aliiglas.



If a velocity v is applied, the motion of the interfaces (surfagesnodeled thanks to the
following convection-reinitialization equation:

%$A{V+AU)DDa:AsB ,

(8)

at=0,x)=a,(x),

wherel is a parameter having the dimension of a veloaitg depending on mesh size and

2
time step, U a vector defined by s Ha ,B= 1—(ﬂj which represents a
Lmin + (l_ I-min )||:|O’| 2E

calculated parameter in the solvepisland E two parameters defined ageh< Lmin <
2*Nmesp) and (L0*hesn< E < 20*hnes) Where hiesnrepresents local mesh size at the interfaces
in the orthogonal direction and s is the sigm.of

3.2. Mixturelaw

It should be noted that, in this paper, a multighfew problem (gas and solid phases) is
described. Parameters of the mechanical problemsareefined by a mixture law. To
illustrate, let us consider two level-set functionise first characterizing the interface of
particles powder and the second the interface ®f3B, the mixture law for a parameter M
can be expressed as:

(M) =[f (@M paaie + (L- T (@)M ps1(L- T, (@)) +,(a)M op, 9)

The choice of the two characteristics functidn@) and f,(a) is very important because it
controls the transition of the physical subdomainsracteristics.

3.3. Remeshing algorithm

The accuracy of the finite element method depemndhe size of the elements. The smaller
these elements, the more accurate will be the teedubr evident reasons of computational
cost, we cannot refine uniformly all the domain.t,Btiis possible to optimize the mesh by
refining only in useful area and coarsening thehrasside of this area. So a good adaptive
remeshing strategy is needed to perform a goodriggsa and accuracy of particles
interfaces. The computational cost of our modeteduced thanks to an appropriate mesh
refinement around the interfaces. In this papepregletermined mesh generation is used. In
this technique, the size of the mesh refinementkwtakes place in a narrow zone surrounding
the solid-IPS interface is chosen by the user [Beknand al., 09]. Furthermore, in HIP, the
material undergoes large deformation so remestsngequired in order to avoid a loss of
accuracy. Thus, as the interfaces move due tocfemtdeformation, periodic remeshing is
performed such that the refinement zone alwayscat#s with the interface position.

4. Numerical results

The first test case modeled corresponds to the aotigm of 2D circular powder particles
in a square REV taking into account an isothernoaldd¢ion (m and K material parameters
are considered constant) (Fig.1). This work hasngerd to develop a numerical strategy to
model the compaction of a set of 2D powder padieea constant temperature subjected to
velocity or isostatic pressure or stress boundamdition. Moreover, it is important to
emphasize that the proposed framework was alsaegipiol other microstructures involving a
great numbers of monodisperse or polydispersecstiAn initial microstructure generator,
introduced in CimLib, permits to generate comple® znd 3D statistical virtual
microstructures in a finite element (FE) contexitfikand al., 12]. An optimization technique
has been used to suppress unphysical voids encedntehen using an advancing front
method [Bernacki and al., 09].



(a) b) c) .. .
FIG 1. Evolution of a square 2D REV (as initialtstgb) after 20% of deforfiation (relative
reduction of the surface area of REV) (c) af@¥odof deformation and (d) velocity norm
after 40% of deformation

As results, in these cases, particles deform fegnitly over time, leading to increasing
necks between particles and relative density. Tleence of numerical parameters on mass
conservation is studied in this work. These paramsetare especially: compressibility
coefficient, remeshing period, mixture law and thenber of mesh nodes. Results show that
the effect of compressibility coefficient is impant. A compressibility coefficient &qual to
zero for the powder particles would be ideal toimine the loss of volume. However, this
value would be synonymous of a too stiff mixturevlaSo 10 Pa' and 10° P&’
compressibility coefficient values are applied,pexgively, to the powder particles and IPS
domain. Moreover, when the remeshing period is reddd, the conservation is better.
Therefore, it is advisable that we perform remegtunly if interfaces of particles are in the
situation to leave the refined part of the meshs Taduces the computational cost and also
limits the numerical diffusion due to the transpafrtzariables during remeshing.

Using this initial formalism, several numericalfditilties appeared:

» unrefinement of the mesh at necks. In fact, comsigea global distance function
leads to the loss of the description of necks betwearticles because it just describes the
envelope of the union of the particles and the neddptation is performed at the isovalue
zero of this function. The method used here, twesdhis problem, is to use the classical
technique of graph coloring. The idea is to colme particles of a graph (assigning each
particle to a level-set function family) such tla@jacent particles never share the same color
(level-set function) with a minimal number of cdorThis method allows keeping the
description of the necks between particles and ledalss to limit the number of necessary
level-set functions used to describe the particles.

» The consideration of a power law creep behavior rfaxdeling the behavior of
particles makes the resolution of the mechaniaablem more difficult.

» Boundary condition problems in the top-left cornéthe REV due to the introduction
of two SD to apply BC.

» The control of the material conservation is oneéhaf important points. The influence
of various parameters on this observable has beelied. A Material loss around 2% was
noted.

As a second approach, to avoid the problem of BCiraular 2D REV is considered. An

isostatic pressure is imposed on the external batléhe SD. The numerical and physical
parameters used for these simulations are presantattle 1. Given this configuration, the
mean effective pressure particles is probably gantly different from the pressure applied
on the boundary of the REV. For example, in theeaaisfigure 2, a 3.5 ratio between the
pressure applied and sustained by the particleneasured. The objective of this second
approach is to study the deformation of partickesam isothermal case and also within the
case of a cycle modulated from 800 to 1150 °C ia loour (close to the last hour of a rise in



pressure and temperature in a HIP cycle). To aboidiers effects, the computing of the
average relative density of the REV is performed#&gulating the volume (surface in 2D) of
powder particles contained in a square situatedrfem the boundaries of the REV. Some
important points from this numerical modelling betHIP process at the mesoscopic scale
can be highlighted: a good profile of relative dgnsvolution (Fig. 3), a remarkable
evolution of powder particles, especially in thetee of the REV (Fig. 4) and an optimized
material loss of around 2%. Fig. 4 illustrates plagticles configuration after 1 hour cycle. A
good densification is observed. It should be noled velocity norm field is not homogeneous
but depends essentially on the particles arrangemen

Table 1. Numerical and physical parameters used

K SD 1075 MPa
Particleg From 371 MPa to 580
MPa
IPS 10° MPa
m SD 0.2
Particles From 0.198 to 0.495
IPS 1
Ck sD 10" (Pa")
Particle 10 (Pat)
IPS 10° (Pa")
Time step 15s
hmin (Mesh size) 0,0012
remeshing period 30s
Pressure From 80 MPa to 120 MPa
Number of elements 302159
Number of processors 32




Cagé 1 [Campastion_Peddrs D005 )

FIG 2. Evolution of a circular 2D REV: (a) initiatate (b) after 22% of deformation
and (c) pressure field after 22% of densification
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FIG 4. Zoom at the middle part for the circle REtéal hour HIPping



5. Conclusion

This paper describes a robust finite element giyab@sed on a level set framework, coupled
with an adaptive automatic remeshing techniquenadel the power law creep mechanism of
the HIP process. The densification behavior ofné¢as steel 316L powder during the last
hour of a HIP cycle is considered. Firstly, a &ggtto model the compaction of powder
particles in 2D is presented. The evolution of treéadensity is investigated. The modelling
of the different subdomains of REV (particles aR&) was based on the power law creep and
the resolution of Navier-Stokes compressible equati The numerical model used is based
on a fixed domain in which the interfaces betwedfemrnt subdomains are known only
implicitly through the values of few distances ftians defined on the entire domain. The
physical properties of the different media wereradticed through a mixture law. The
proposed technique is directly usable in a 3D ocdnf€he present paper demonstrates the
capability of the present work to simulate HIPinfyparticles powder in the REV scale.
Current work addresses the modeling of a REV withreal granulometry and the
improvement of the proposed technique to optimiomerical results and process parameters.
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