A Time-Compressed Numerical Approach for
Thermal Analysis of Preheating Process in
Powder Metallurgy

By S. Slock and R. Shivpuri

Here, a numerical method is used to simulate a heating cycle of a powder material
through the use of a solid continuum model. This time-compressed approach to thermal
modeling can be useful to accurately predict the homogenization time required to
reach a particular temperature and the powder densification.

INTRODUCTION

Recent developments have been made in the field
of powder metallurgy of materials to obtain ad-
vanced properties as compared to conventional
manufacturing of materials for various applica-
tions.- Powder metallurgy offers several advan-
tages like improved strength and dimensional
stability resulting in near net-shape products. De-
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velopment of powder metallurgy techniques has
resulted in new primary and secondary fabrica-
tion routes for semi-finished products. Numerous
consolidation methods have been implemented
to produce components with superior micro-
structure and mechanical properties [1]. Proper-
ties and performance of these powder metallurgy
components rely heavily on the type of manufac-

turing process selected. One such manufacturing
process in powder metallurgy is solid-state sinter-
ing

Solid-state sintering is a widespread technique
used in the powder metallurgy of ceramics, met-
als, and superalloys. It is a phenomenon that in-
volves densification of the powder at high tem-
peratures below its melting point with or without



Figure 1: Surface cracks on nickel-based
superalloy powder billet.

the application of external pressure to obtain a
consolidated green compact with good strength
[2]. This thermal treatment imparts strength and
integrity. Sintering consists of three steps—the
initial stage when neck formation begins, the in-
termediate stage when pores interconnect, and
the final stage when pores become disconnected
thereby forming a consolidated material [3].
Pressure-less sintering involves heating the pow-
der to a high temperature for a long time such
that the powder consolidates due to homogenized
densification obtaining good green strength. The
thermal evolution during pressure-less sintering
depends on the inherent thermal properties of
the powder such as thermal conductivity and
heat capacity. In addition, densification is strong-

ly dependent on the temperatures involved dur-
ing sintering. These thermal properties are differ-
ent for the powder as compared to bulk material
[4]. Porosity in the unconsolidated powder has a
major effect on the thermal and mechanical be-
havior. As these pores act as thermal insulators,
the material in the powder form exhibits different
heat transfer compared to a continuum bulk ma-
terial with no pores. Heat transfer in porous me-
dia can occur by conduction through base ma-
terial, convection from surrounding atmosphere
and radiation through pores. Conduction is the
dominant process of heat transfer during sinter-
Ing in vacuum at relatively lower temperatures
where radiation is not much [5]. Powder size and
pore size also have an effect on the heat transfer.
Finer powder has more surface area to volume
ratio and hence would have better heat trans-
fer resulting in enhanced thermal conductivity.
Thus, it is important to analyze powder mesh
size and distribution during preheating cycles as
they affect thermal evolution and mechanical
properties. In order to obtain homogenization
in terms of heating and densification throughout
the material, sintering time can take place for sev-
eral days depending on the size and shape of the
product. Hence, such manufacturing processes
are time consuming and costly. Based on litera-
ture on sintering curves for superalloys (Graph 1),
the accuracy of temperature predictions can be
a determining factor to predict the densification
of powder. Even a small variation in temperature
prediction with respect to the real case can result
in an incorrect densification prediction. Non-uni-
form temperature distribution, in the preheated
component can, results in thermal stresses that
lead to cracks near the outer surface as shown in
the figure below (Figure 1).

As heat transfer takes place from the surface
to core, the surface reaches the desired tempera-
ture much faster than the core. This results in a
density variation as seen in the graph for super-
alloys (Graph 1). The surface tends to densify
much faster than the powder in the core resulting
in significant difference in mechanical proper-
ties. Powder consolidation and bonding occurs
rapidly near the surface while the core is still un-
consolidated and porous even after several hours
of preheating. For example, in case of preheat-
ing IN718 superalloy powder billet in the tem-
perature range between 1300°C and 1330°C,
minute temperature difference between the core
and surface can result in large variation in density
ranging from 63% to 95%. This variation can
lead to non-uniform mechanical properties that
adversely affect the performance of the compo-
nent. Thus, it is important to achieve homogeni-
zation throughout the powder component to ob-
tain uniform thermal and mechanical properties

Figure 2: Adifferential control volume for heat
conduction.

thereby eliminating critical defect issues arising
due to inhomogeneity.

Hence, modeling and simulation of such pro-
cesses are crucial to understand the sintering
kinetics and effect of temperature on densifica-
tion phenomena for various powder materials.
This can help in determining optimum thermal
treatments necessary for achieving uniform/de-
sired properties for further processing. Models
that represent and connect this discrete nature
of particulate media to bulk continuum macro-
scopic properties can be useful in predicting how
powdered materials behave during a sintering
thermal cycle. Various thermo-mechanical equa-
tions have been developed that calculate thermal
and mechanical properties of powder from bulk
properties as a function of porosity correlating to
experimental results [2]. Hence, it is important to
understand the thermal behavior of powdered
materials and develop computational models
that can predict the thermal evolution accurately
during sintering and provide results within few
minutes while the actual process takes several
days.

Prior computational applications explored the
possibility of predicting the thermal behavior of
a metal undergoing a thermal or thermo-me-
chanical working cycles. These kind of analyses
represent the classical numerical calculation of
thousands of processes and could be consid-
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Figure 3: Cut section of powder billet filled in
metal can.
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Graph 1: Sintering curves for different superalloys [1].
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Graph 2: Temperature point tracking for radial points of billet comparing 70% (P1’ to P5’) to 100% density (P1

to P5).

ered like a standard in the actual state-of-art of
FEM models. However, the classical numerical
approach may create issues in terms of com-
putational cost and time, especially when long
processes are simulated. This severely limits
the scope of investigations of critical physical
mechanisms. A good help may come from the
timestepping techniques, which allow the user
to compress the real process time by means of
simple mathematical considerations accelerat-
ing the temporal behavior of the material. In
this case, it is possible to reduce computational
time drastically maintaining a good quality of
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results and coherent physical characteristics of
the solution.

The critical partis to explore and acquire prop-
er knowledge to relate mathematical form of pa-
rameters within the numerical model to response
of the code. It often happens that the governing
equation depends on several factors with each
one having its own weight inside the formula due
to its dependence from linear or derivative forms.
It means that a value change of a parameter can
produce different effects on the final result of the
computation because of different error sensibility
of mathematical operators and their coupling.

Szabo [6] investigated the numerical
solution of the one-dimensional heat con-
duction equation by applying Dirichlet and
Neumann boundary conditions in order to
obtain a good numerical result. The space
was discretized by applying the linear finite
element method while the theta-method
was used for the time discretization. The
core of the work was to select theoretically
the correct time step size in FEM for the
original physical phenomenon to be ana-
lyzed.

Tronel and Fichtner [7] focused on
timestepping optimization during both
coupled and non-coupled thermal and
mechanical analysis. The timestepping
optimization itself was described with its
various possible variants and applied to
solve numerical examples. The procedure
allows the reduction of computation time
by a significant factor when compared to
standard uniform timestepping. The study
reported in this paper is based on a simula-
tion campaign having the aim of predict-
ing the thermal evolution of a metal pow-
der during a sintering process. This kind
of industrial process takes several days to
be completed and a quick numerical pre-
diction is often needed to help select the
desired process parameters.

The simulation campaign was conducted
by using the time-compression method in
order to obtain a reduction of calculation
time. During the simulation campaign, the
influence of different coefficients concern-
ing the heat transport phenomena were
studied with respect to accuracy of the
numerical result, and the numerical issues
arising from the FEM code. The aim of
this study is to find the best way to simulate
this kind of process without compromising
the physics of sintering phenomena.

HEAT TRANSFER CALCULATION

Heat transfer is the section of science con-
cerning the energy transportation between
bodies having a temperature difference [8-
11]. This energy transport is classified in
three different mechanisms: conduction,
convection and radiation and all of them
are generally present in a real physical
problem [12].

The aim of the calculation is finding the
temperature distribution inside the materi-
al bodies undergoing to the heat exchange
phenomena. The knowledge of tempera-
ture distribution within the material may
be used to determine the thermal stress. By
deriving the conduction equation inside a



Cartesian coordinates system and apply-
ing the energy conservation criteria to a
differential control volume (Figure 2), the
temperature distribution in the medium is
obtained.

Once this temperature distribution is
known, the heat flux at any point within
the medium, or on its surface, may be com-
puted by means of TFourier’s law (Eq. 1).

dr
=—k— (1]
qx dx
where £ is the thermal conductivity. By ap-
plying the Taylor series expansion (Eq. 2),
limited to first order, to the control volume
(Figure 2) it results in the following:

Qx+dx - Qx QxAx
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Considering heat generation in the control vol-
ume (Eq. 3).

(3]
GAxAyAz

and the rate of change in energy storage (Eq. 4)

AxAyA or [4]
ZC,—

where p is the medium density and ¢, is the

specific heat capacity, it is possible to write

the thermal energy equilibrium of the control

volume (Eq. 5).

GAxAyAz+ Q. +Q,+Q, =

or [5]
pAXBYAZC, =+ Qurar + Qyedy + Qrear

Considering the Taylor series expansion (Eq.
2) the previous equation (Eq. 5) can be written
as (Eq. 6).

0Q,  0Q,  0Q,
ax X5y - ke =
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(6]

The total heat transfer in a tri-axial system can be
represented as (Eq. 7).

ar
Q. = —k,Aybz— gx
T
Qy = —k,ﬁxﬂza
aT

Q.= ‘k;ﬂxﬂ]’ﬁ (7]

Considering heat transfer (Eq. 7) and con-
trol volume, the heat conduction equation
for a stationary system in Cartesian coor-
dinates can be expressed as below (Eq. 8).

li]
ax Ia]—}—%[ "6y ]+

Gzpf:p 7%

In the previous equation £ is the thermal
conductivity of the considered material,
which can be expressed as a following ten-
sor (Eq. 9).
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The previous general form for thermal
conductivity can be simplified by means
of a one-directional form. This approach
1s common for such materials in which the
thermal behavior 1s considered like isotro-
pic. The equation below represents ther-
mal diffusivity for isotropic materials (Eq.
10).

#*T 9*T 9*T G 10T

o2 oy tor Tk aoe 1Y

Where thermal diffusivity A=K/pc,. For po-
rous media with isotropic behavior, negli-
gible effects come from radiative transfer,
viscous dissipation and pressure work. By
assuming the local thermal equilibrium
and parallelism of heat conduction be-
tween solid and fluid atmosphere, as well
as a constant porosity we can write the
thermal transport equation for both the
solid (Eq. 11) and liquid phases (Eq. 12).

aT;
(1-@)(po)s ;" =

ar
@(pcy), — + (pCy) v VT =

@V - (kpVTF) + pqp” 2]

The subscripts S and Frefer to the solid and fluid
phases respectively; ¢ is the porosity of the materi-
al, ¢ is the specific heat capacity of the solid phase,
¢, 1s the specific heat at constant pressure of the
fluid phase, £ is the thermal conductivity, qf
the heat production per unit volume in W/ m% [9,
13] and o= @V is the Dupuit-Forchheimer rela-
tionship. In this case, it can be observed that there
1s a linear relation between density and physical

vol 3 is

thermal properties.

If we consider same temperature for both solid
and fluid phase in the previous equations (Eq. 11,
Eq. 12) we obtain the following general equation
(Eq. 13).

(pc)M + (pcp) v-VT =

V(kMVT) +qy [13]

Where:
(pIm = (1 —@)(pc)s + ‘P(Pcp)p

ky = (1 — @)ks + ke
va! _ (1 _ (P)qvo! + (pqvo.i

FEM HEAT TRANSFER ANALYSIS

1-@)V (k,VTs) + (1 — ‘p)qgﬂf [(11] The basic equations and the FE formulation for
heat transfer analysis arise from the energy bal-
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Graph 3: Temperature point tracking for axial points of billet comparing 70% (P6’ to P10’) to 100% density

(P6 to P10).
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ance equation that can be expressed for isotropic
materials as below.

KT;+7—pc,T=0 (14]

Where K is the thermal conductivity, T ; is the
Laplace dlfferentlal operator for temperature
KT ; represents the heat transfer rate, pe,, Tis
the heat generation rate and the term represents
the internal energy rate. The previous equation
(Eq. 14) shows the general approach in case of
thermo-mechanical analysis in which the heat
generation coming from the plastic deformation
(Eq. 15) has to be considered.
T = Kojj&;

[15]

In the previous equation (Eq. 12) K'is the heat
generation energy coming from that fraction of
mechanical work transformed into heat. For met-
als, this portion is assumed as 90%, while the re-
maining 10% is consumed by the microstructural
changes.

By using the divergence theorem and consider-
ing the volumetric integrals, the energy balance
equation (Eq. 14) can be written as follows:

I k4 T_,:,:aTdV —f kﬂ',:jé,'j”dv
Vv v

, [16]
+ f pcpTTdV
v

- f qn8TdS = 0

Where S is the boundary surface and g, repre-
sents the normal heat flux across that surface:

qn = kT, [17]

The previous equation can be solved only if the
boundary temperature field (Eq. 18) is known.

T=anTa=N T (18]
Q =J k(ag)NdV +J (T -
v Sy
+ f R(T, ~TONAS + ] e [19]

€ €

The first term on the right side of the equa-
tion (Eq. 16) represents the heat coming from
the plastic deformation work. The second term
represents the heat coming from radiation of en-
vironmental medium, in which o is the Stefan-



Boltzmann constant € and is the surface emis-
sivity. The third term is the heat coming from
convection phenomenon from the body surface
to environmental medium, in which / is the heat
convection coefhicient. The last term is the heat
transferred between bodies in contact [5].

The previous analysis is correct when bulk ma-
terials are used. However, for porous media, the
energy balance equation has to be defined prop-
erly as below (Eq. 20).

kRTR,ii - pRCRTR + kYRER =0

[20]

Where the subscript R denotes the equivalent
quantities of a porous material within a con-
tinuum formulation, £y, and ¢, apparent thermal
properties derived from the bulk material. By as-
suming this hypothesis, it is possible to adopt the
same mathematical procedure for non-porous
materials as for a solid.

The physical behavior of porous material takes
place by conduction through rigid base, and con-
vection and radiation phenomena through pores.
Depending on the size of pores, the convection
can be considered as negligible while the contri-
bution of radiation can be neglected if tempera-
ture is low. This signifies that conduction plays a
major role.

However, porosity can have complex effects
on thermal properties of the material and such
aspects are studied extensively by assuming sim-
plified hypothesis.

By assuming heat flow to be unidirectional,
pore distribution equal in all directions and ther-
mal properties homogeneous, Im and Kobayashi
[14] proposed a linear equation linking the ther-
mal conductivity of powder material to the base
bulk material (Eq. 21).

ky
kr (I_P)( _E)
ky, 14+ P [21]
kp 1-P

Here, £ is the apparent thermal conductiv-
ity depending on both the volume fraction of
pores and the thermal conductivity ratio be-
tween bulk material and air inside cavities; £, is
thermal conductivity of the base bulk material;
k, is thermal conductivity of the pores and P
1s the porosity of the volume fraction of voids.
By introducing the apparent density p, of po-
rous material as well as its specific heat, ¢, it is
possible to obtain the internal energy change
relation (Eq. 22)

dT, dr, dr,
PrERVr g = PuesVi g+ puCVo [22]

p 1s the density; ¢ is the specific heat, Vis the vol-
ume and the subscripts R, b and v are related to
porous material, base bulk material and pores
respectively.

POWDER-BULK THERMAL
RELATIONSHIP

As explained previously, this kind of analysis is
related to the thermal physical properties of bulk
base material as well as powder characteristics.

In particular, the major thermal parameters are
directly related to density value of powder when
the considered material is assumed as isotropic.
By following this logic, the simulation campaign
was split into two main approaches for ther-
mal analysis. The first one considers the billet
as a powder having 70% packing density and a
thermal characterization (in terms of thermal
conductivity and heat capacity) of the bulk base
material. The second one considers the billet as
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bulk base material having 100% of density and a thermal charac-
terization of the powder. Thermal data of the material for these
two density cases was carried out by means of theoretical relation-
ships, considering the following equations (Eq. 23) for calculating
thermal conductivity and heat capacity of the powder material
starting from the bulk base material and directly dependent on
amount of porosity [4].
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Graph 4: Average error for each point tracking of the simulation campaign with 70%
and 100% density and compressed time as function of thermal conductivity k.
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Graph 5: Average error for each point tracking of the simulation campaign with
?0% and 100% density and compressed time as function of heat capacity c.
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{kp =kg-(1—P)~ 23]

cp=cg-(1-P)F

Where:

* k, is the thermal conductivity of the powder material;

* kpis the thermal conductivity of the base bulk material;
* ¢,is the heat capacity of the powder material;

* ¢ is the heat capacity of the base bulk material;

* Pis the porosity value of the considered powder material

o and f3 are coefhicients depending on the material.
However, thermal conductivity and heat capacity of bulk material de-
pend on temperature as shown in the following equation (Eq. 24).

{k,, = ko + kT + k,T? 4]

cg =cCo+ ;T +c,T?

Where:

* k, is the thermal conductivity of the bulk material at room temperature;
* ¢, s the heat capacity of the bulk material at room temperature;

* kpkyc e, are coefficients depending on the material.

Time-Compression Factor Determination

Each simulation was accompanied by the use of different level of time-
compression in order to make the process faster by 10, 100 and 1000 times
respectively. Each compression factor was obtained by simple mathematical
considerations on energy balance equations (Eq. 10, Eq. 14) for pure ther-
mal case. The Fourier equation (Eq. 10) was considered for and simulation
objects (Eq. 25) and furnace atmosphere (Eq. 26) separately.

(25]

G 1 AT
Afurn A

V2T + [26]

kf urn
Where A

‘mat

is thermal diffusivity of material when solid simulation objects
are considered, while £;, , A, and G are thermal conductivity, thermal dif-
fusivity and convection coefficient of furnace atmosphere respectively.

In the case of solid continuum objects, if real temperature variation A7,
is assumed to be equal to simulated temperature one A7 and Laplace spa-
tial operator A?7 is considered as constant (due to constancy of geometries),

the Fourier equation (Eq. 25) can be written as below (Eq. 27).

ksa.m p real Crea!

2
knu[ Psim Csim [7]

Where is the time-compression factor for simulation. In this way, a linear
relation between simulated time and real time of the process is obtained. It is
sufficient to change the value of diffusivity parameters inside the numerical
code to obtain a speeding of simulated time with a compatible result with
respect to standard time simulation. If density is the same for both standard
(real) and compressed time (simulation) approach, the equation (Eq. 27) can
be written as below (Eq. 28).



ks im Creal

fee = (28]

kreal Csim

The equation above (Eq. 28) considers ther-
mal conductivity having no dependence of tem-
perature. However, thermo-physical properties
of materials in general do have temperature de-
pendence, as shown by thermal conductivity and
heat capacity equation (Eq. 24).

When the same logic is applied to the furnace
atmosphere (Eq. 26), it has to be considered that,
due to the simulation ambient in which a heating
atmosphere 1s simulated by means of boundary
condition for the solid simulated objects, physical
variables of furnace medium can be neglected.
The only parameter that needs to be taken into
account is the convection coefficient G, which
regulates the energy flux per ime unit. It means
that, every time that a specific ime-compression
factor has to be used, the value of G has to be
multiplied by the same factor in order to obtain
the same amount of energy going into solid bod-
les during the simulation.

Thus, the time-compression method can
be affected by changing %, ¢ and G parameters.
Considering that the time-compression method
changes the ratio between temperature and time,
the effect and the accuracy of results may vary as
functions of thermal material properties, which
can be constant, linear or quadratic functions of
temperature (Eq. 24). Keeping in mind this de-
pendence, the effect of thermal conductivity on
accuracy of results was considered in the time-
compression approach by using a linear depen-
dence between f, , £, ¢ and G as shown in the
table below (Table 1) which summarizes the ther-
mal parameter set-up for each time compressed
simulation.

CASE STUDY

An experimental campaign* was conducted on
preheating of a nickel-based superalloy powder
with 60 - 80% packing density in order to find
the optimal set-up for homogenization. Results
were carried out by tracking the thermal evolu-
tion of powder with the help of thermocouples
placed inside the metal can at different locations,
as represented in (Figure 4). To replicate the ther-
mal evolution of superalloy powder during this
experimental process, a simulation campaign was
carried out using the mmplicit lagrangian code
DEFORM3D™ with a multi-body approach
considering the main object (superalloy powder
as billet) placed inside a metal can and in con-
tact with a rigid base (Figure 3). The material of
the can is assumed different with respect to the
rigid base. The main objective of this simula-
tion campaign was to calculate homogenization
time required by superalloy powder during the

preheating stage with the best ratio between qual-
ity of prediction and computation costs. It is well
known that long preheating cycles are necessary
for superalloy powders due to their thermo-me-
chanical properties, to achieve homogenization
and green strength, especially for further process-
ing involving large aerospace components[1]. In
order to verify the capabilities of numerical code,
the first approach in simulation was to model the
powder like porous material using a continuum

solid body having the same density of experimen-
tal powder and thermal properties of bulk ma-
terial. The results of this first approach showed
that the code was not able to match the thermal
evolution observed during experiments. The rea-
son for this discrepancy can be attributed to the
in-built material definition. In fact, the experi-
mental material data (in terms of thermal proper-
ties) captures the true physical nature and effects
of powder size and distribution throughout the
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can. Based on this experimental evidence, another approach in which the
solid continuum body is modeled like bulk material having thermal proper-
ties of powder was considered. This new simulation required to know the
thermal conductivity and heat capacity of powder material [4] and, based
on experimental data, it was found that the considered superalloy powder
showed a linear dependence of thermal properties on density (Eq. 23). The
results of both 100% and 70% density simulations, in terms of temperature
point-tracking in the same positions (Figure 4) of thermo-couples in the ex-
perimental test, showed a difference between the two cases with respect to
radial (Graph 2) and axial directions (Graph 3). The full density simulation,
in which the material has powder thermal properties, matched the thermal
evolution of experimental can accurately. Hence, it was considered as the
“benchmark” simulation.

The whole simulation campaign was carried out using the same numeri-
cal parameters, as below:

* Time step: 5 sec;

* Double symmetry plane;

* Min element size: 0.3 mm

* Max element size: 0.9 mm

* Billet mesh element number: 32770;
» Can mesh element number: 14200;

* Base mesh element number: 11700.

However, it is very difficult to run this kind of simulation in real time,
as it requires a very long calculation time (days) with high calcula-
tion costs. In this scenario, it was useful to use the time-compression
method to significantly reduce calculation time. This means that all
simulation objects have to be considered with respect to the time-com-
pression factor equations (Eq. 28). Depending on the thermal param-
eter selected to obtain a proper value, thermal conductivity or heat
capacity c of all materials built in the model have to be modified. The
same consideration has to be done for the convection coefficient G
related to the furnace atmosphere and heat exchange coefficient H
between each couple of simulated objects. The relation between these
coeflicients and time-compression factor is always linear, as shown in
the table below (Table 1).

To simplify the simulation campaign chart (Table 1), all thermal pa-
rameters were grouped as shown in the following wording (Eq. 29).

K' = kg, k¢, kgp
C' =cp,Cc,Crp
K" = kp, k¢, kgg
C" =cp,Cc, Crp

[29]

* kyis the original thermal conductivity of bulk material for the billet;

* kpis the original thermal conductivity of powder material for the billet;
* k. is the original thermal conductivity of the can;

* kpp s the original thermal conductivity of the rigid base;

* ¢, 1s the original heat capacity of bulk material for the billet;

* ¢pis the original heat capacity of powder material for the billet;

* ¢, 1s the original heat capacity of the can;

* ¢pp 1s the original heat capacity of the rigid base.

NUMERICAL RESULTS AND DISCUSSION

The results of all simulations were compared to show the effects and
consequences of each approach with respect to the benchmark simulation
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Table 1: Simulation campaign matrix

(experimental result). In particular, the analysis was focused on the error
between temperature predictions in the selected points (Figure 4). The fi-
nal aim is to select the best way to simulate a long process like pre-heating
of superalloy powder in few minutes without compromising on accuracy
of predictions.

The following graphs represent the temperature evolution along radial
(Graph 2) and axial (Graph 3) directions comparing standard time simula-
tions for the case having 100% density with powder thermal data and 70%
density with bulk material thermal data. This first comparison (Graph 2,
Graph 3) is useful to show the difference in temperature prediction of the
billet coming from the use of two equivalent computational logics.

Point-tracking coming from the use of 70% density material with bulk
thermal properties differs from curves coming from 100% density mate-
rial with powder thermal characterization, which represents the most ac-
curate prediction if compared with the experimental plot.

In previous graphs, the vertical reference lines show the time at which
temperature difference is 100 °C and 50 °C between the surface and the
core of billet, radially (Graph 1) and axially (Graph 2). This can be useful
to calculate the homogenization time required for entire billet to reach a
desired temperature based on the given application. It must also be noted
that thermal behavior of billet depends on the geometry of powder-filled
can.

The two approaches can be considered identical according to energy
balance equation (Eq. 14) and equation (Eq. 23), relating the thermal
properties of bulk material to powder and assuming it to be a linear func-
tion (with @ and § equal to 1). However, thermal relationship between bulk



and powder may not always be linear for different materials as the @ and
J parameters vary between 1 and 2 [4]. This has an effect on temperature
prediction.

In the case of time-compressed simulations, the results showed a strong
relation between thermal parameter used for time-compression factor (Eq.
28) and the accuracy of predictions. The previous graph (Graph 4) shows
a variability of the error between 58 °C and 135 °C using time-compres-
sion as function of thermal conductivity. The quality of the prediction is
similar in both 70% and 100% density simulations. In the same way, the
average errors for temperature prediction of each point tracking between
the benchmark simulation and the compressed-time campaigns as func-
tion of heat capacity were plotted (Graph 5). The results show that the er-
ror on temperature prediction is much lower than the previous cases, with
avariation between 4 °C and 12 °C and a reduced variability with respect
to different values of time-compression factor.

Considering the previous graph (Graph 5), it appears clear that the best
quality in temperature prediction is reached by 100% density and com-
pression factor equal to 10 as function of heat capacity. However, the re-
sults of both simulations having the maximum time-compression as func-
tion of ¢ represent the best compromise between computation costs and
quality of prediction.

It appears clear that the time-compression as function of heat capacity
provides more accurate results in both 100% and 70% density cases with
respect to the simulation campaigns in which the f, factor is function of
thermal conductivity (Graph 4). This can be explained using the energy
balance equation (Eq. 14) in which thermal conductivity is related to La-
place differential operator for temperature, while heat capacity is related
to the derivate of temperature with respect to time. The use of time-com-
pression method does influence the derivate function of temperature in
the energy balance equation (Eq. 14).

If time-compression as function of ¢ is used, the balance of equation is
maintained. However, if time-compression as function of % is used, a dif-
ferent space propagation of thermal wave is obtained as space distribution
of temperature has to be maintained in all cases. It can also be correlated
to (Eq. 24), where thermal conductivity for the powder was assumed to be
a linear function of temperature, neglecting the higher order terms.

Finally, considering the calculation time for different cases, the time-
compression method allows a strong time reduction, up to two orders of
magnitude, as shown in the graph below (Graph 6). A wider range of error
with a variability of several degrees amongst the points considered in the
billet is observed in case of thermal conductivity, when compared to heat
capacity.

In this panorama, the simulation with 100% density of billet and time-
compression factor as function of heat capacity showed the best consis-
tency and minimal error throughout the billet. It must be noted that error
in thermal predictions increases with increased time-compression factor
using thermal conductivity, while it remains stable when heat capacity is
used. This proves that it is possible to carry out, in few minutes, a good
prediction of thermal evolution for a densification stage without any limi-
tation in case materials having very different densification curves (Graph
1), where an imprecise estimation in temperature levels could determine

the occurrence of defects and, as consequence, the mability to complete
the production cycle.

CONCLUSIONS

A numerical method to simulate a heating cycle of a powder material
by means of a solid continuum model is proposed. The analysis shows
the influence of porosity on thermal behavior in the case of two equiv-
alent numerical approaches, one using bulk material with powder ther-
mal properties and the other using porous material with bulk thermal
properties. A time-compression technique 1s developed that reduces the
computational cost involved in thermal analysis of such long industrial
processes. The influence of each thermal parameter on the prediction of
time-compressed simulations is analyzed and a proper setup is obtained
with the best ratio between accuracy of results and computational time.
This time-compressed approach to thermal modeling can be useful to ac-
curately predict the homogenization time required to reach a particular
temperature, along with the powder densification at any given instant
based on the application. [§
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