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‘This research presents a study of initial stege sintering of 316L stainless stecl components
produced by Three-Dimensional Printing (3DP™), Current practice for the 3DP™ sintering
process involves only initial stage sintering during which necks grow between the powder
particles, We present o pos-isothermal siotering model of peck growth thatl is capable of
quantitative predictions within 20% of final sintering strain for 3DP™ components. The
gintering model is based on the two-particle geometry where (he neck geometry evolves by
material transport mechanisma. Dilatometry experimentation using varied heating rates to
elevated temperatures were used to determine mode] parameterization and fitting. The meodel
is not entirely specific to 3DP™ components and the approach is extendable to general initial
atage sintering of powder metal components.

1 Introduction

The ability to manufacture components from powder materials (P /M) with precise dimen-
giomal control is desirable in industry. Production of P/M components usually requires the
additional process of sintering (imitial or final stage) to create and increase green component
strength which also produces dimensional change (sintering strain). A quantitative predictive
tool that describes the dimensional change during sintering is desired; but current theoretical
medels are coly able to predict dinensional change to within 200% of measured strain [1]
and initial stage sintering is most fundamentally understood only under isothermal sintering
conditions |2]. There is a need for & more accurate model of initial stage sintering that can
be usad for non-isothermal sintering conditions and is more accurabe than current models.

The development of a non-isothermal sintering strain model that simulates the initial stage
gintering of a row of spherical powder particles is presented heesin, The sintering strain model
is haserd on the teo particle geometry, wes fewer genmetric assumptions than previous re-
searchers, and allows for interaction between the surface and bulk sintering mechanisms. A
parametric calibration and testing of the developed sintering model has been performed by
dilatometer experimentation using 316L etainless steel eamplee manufactured by a three di-
mensional printing (3DP™) process {ProMetal).

Model development began with rigourously defining the two particle geometry and volume

of the neck region using basic geometric assumptions. Material transport from the individual
powder particles to the peck egion bave been defined kinetically in terns of mechanistic
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sintering fluxes. Therefore the sintering model is based on thermally activated transport
mechanisms that instigate material movement to the neck volume between adjacent powder
particles.

2 Two Particle Geometric Formulation

The first step in development of the geometric sintering model involved defining the physical
geometric svstern. The jdeal two particle model (Figure 1a) is typleally used as the geometric
configuration for initial stage sinter modeling. The geometric assumptions used in this analysis
for the ideal two particle configuration shown in Figure 1a have been used by past researchers
(1,3, 4, 5, 6, T]: (1) the powder particles are perfectly spherical and remain perfectly spherical
during sintering, {2) adjacent particles possess the same diameter, (3) the initial contact
between the particles is produced from metallic bonding forees and forms an initial neck
raling, p, {defined as a Hertzian contact [8, 9]), (4} the neck surface remains toroidal and
tangent to both powder particles, and (5} the total volume of the two particle system remains
constant. The reasonableness of these geometric assumptions during initial stage sintering
have been established by Exner [3).

Tahle 1: Parameter definitions for two particle geometrv shown in Figure 1.

farameter  Definition Parameter Definition
i powrcler particle radins X ek i
h inter particle penetration i neck radius
I particle separation distance —T ek shze ratio

Hy

h
(a) (b)

Figure 1: (a) Cross section of kdeal two particle model geometry with circalar neck cross
gection, (b)) enlarged view of the neck region for the defined geometry. Geometric parameters
are defined in Table 1.
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The volume of the neck region can be exactly computed by using the above geometric
assumptions. Flgure 1h shows a 2-dimensional cross section of half the neck reglon, where
the volume of the neck is determined by computing twice the shaded area revolved about the
r-axis. The entire volume of the neck (V' = V. } has been defined in terms of the geometric
parameters: particle radius {a), neck radius {p), and particle separation distance (). The
exact expression for the neck volume is

Vie, p.l) = —27a®l + —11'13 + @ iﬂ oF [Iﬂ - —rfF + 2a'lp + 2a%lp® — —Fp ]

|l 3,3
2lp—Pp+ 2alp® + 205" —Ipv/(o 4+ pP? — (:_fp]i l

—ompt a1 tant |2 ( p*—i:) ]

-:1+.n:1 a4+ p)

The two particle neck geometry iz dvnamic {i.e., continuously changing with respect to
time) as the sinter bond evolves, so the geometry shown in Figure 1b represents an instanta-
neols image of the neck geometry. The three geometric parameters (a, g, and {) evolve over
time subject to a relationship corresponding to a constant volume constraint.

3 Sintering Mechanistic Flux Formulation

Sintering activity is characterized by atomistic movement producing a reduction of free
surface energy [2, 1, 3, 5. Atoms on the surface are not completely surrounded by neigh-
boring atoms leaving free bond areas. These atoms with free bonds possess a higher energy
state than interior atoms which gives rise to a surface energy, v (J/m?) [2|. The free surface
energy is thermally activated and then converted to material transport on and within the pow-
der particle to areas with high curvature gradients, i.e., contacting surfaces between powder
particles. The material (atoms) deposit in new locations by different sintering mechanisms
forming a neck between the two particles. For spherical particles the minimized free surface
forms a neck contour with a circular cross section. The atomistic material movement process
can be mathematically formalized by reviewing the work of Exner [3], Johnson [5], Ashby [1],
and German [2, 10|, but for a complete derivation of the sintering equations, please refer to
Kuezynski [11] and Kingery [12].

The current understanding of initial stage sintering involves neck growth between powder
particles and is separated into two different classes of sintering mechanisms: surface trans-
port and bulk transport. Material transport paths are shown by the dotted lines in Figure 2
for the dominating transport mechanisms. Surface transport mechanisms involve atomistie
movement along the surface or near the surface of the particle, but these mechanisms do not
create any dimensional change In the physical relationship of the particles (1.e., surface mech-
anisms do not cause shrinkage) |2, 3]. Surface transport mechanisms are also the dominating
mechanisms for Inter particle adhesion (neck growth} because atomistic movement starts and
ends on the surface [2]. Bulk transport mechanisms influence neck growth by atomistic move-
ment inside the particle, which produces interparticle penetration and particle approach, ie.,
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strain. Surface diffusion has been shown to be the dominating surface mechanism for neck
growth [2, 13); additionally, volume diffusion and grain boundary diffusion have been identi-
fied as the dominating bulk mechanisms producing strain [5, 14]. Ashby [1] has stated that
in order to preserve the curvature driving foree, material on the surface of the neck must be
redistributed; thus the surface mechanism of volume diffusion on the surface {VIDS) is reguired.

Figure 2; Atomistic material transport paths to the neck for the ideal spherical two-particle
model of initial stage sintering.  Surface Mechanisms: surface diffusion (SD) and volume
diffusion on the surface (VD5) Bulk Mechanisms: volume diffusion (VI and grain-boundary
diffusion {GED].

The volumetric rate of material movement for each sintering mechanism to the neck volume
is defined as the product of the flux and the area over which the flux iz applied

T‘."; - uir.' . .‘ii {2::'

where the subscript ¢ indicates the sintering mechanism, V is the neck volume, J; Is the
sintering mechanism flux, and A; is the total area to related to the flux {as formulated by
Ashby [4] and Hwang [6]}. The value of the surface area 4, is defined to either be A, or Anee,
where A, is the area of the annulus with outer radins X' {shown in Figure 1) and thickness 4,
{the effective surface thickness) where the particle surface meets the neck surface

A, = 2 X4, {3)
and A, is defined as the surface area of the toroidal neck

B . ! el
Ay = 210 [{X + p) arcsin (a+p) ey {4)

The volumetric neck growth rates for surface diffusion, volume diffusion on the surface, volume
diffusion, and grain boundary diffusion are defined in Equations 5-8.
1. Surface diffusion:

v ga.p o BaDaet 171 1 32
Vi = Jut- Ar = T p(p X+ﬂ.) A {5)
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2. Volume diffusion along the surface:

- Bua Dl 161 1 2
Viots = o * Aacs = =22 ~5(,—J—E+E)-Am (6)

3. Volume diffusion:

- 4B DAt (X +p\
Vod = Jud* Apeat = T (pxn) Ancat {T:I
4. Grain boundary diffusion:
By a _ABge Dot X 4 pY

where A? = 2xrdg {4 is the effective grain boundary thickness).

The neck size (X' ) can be explicitly defined in terms of a, p, and I by using the Pythagorean
Theorem (see Figure 1h).
X==p++/lat+pf-0 {9

Note that the material How rates are stated in their most concise form {depending on a, p,
and X), and using Eq. 9 the material flow rate can be expressed in terms of a, p, and {
{along with the temperature and material constant parameters). The numeric factor B; for
each sintering mechanism (B for surface diffusion, B for volume diffusion, ete., where
B = { By Basg, Beg. Bras) | In Equations 3-8 have been determined by previous researchers
using isothermal dilatometry results.

Table 2: Material property svmbols and valoes for 3161 stainless steel (2, 1)

I, Volume diffusivity 4 x 107 |1t:§;":-:| o, VD Act. energy 280 [kJ /mol]|
I, Surface diffusivity 0.4 [m?/s] (), 85D Act. energy 2500 [kJ /el |
Iy Grain bound. diff. 4 x 100" [m*/g] ), GBD Act. energy 167 [k fmol|
ds  Surface thickness  2.75x 107" [m] & Graln bound. width  10-47.5 [m]
£ Atomie volome |.155s 10~ ["'__'I':I_] v Eurface energy 2 [J/m?

Neck growth occurs from material transported to the neck region by all of the sintering
mechanisms. The total volumetric neck growth rate (Vi) is the sum of all of the mechanistic
fhixes

Victar = ZJ’;‘ - A (10a)
= r,.u;; + 1rl"-muk {10h)

where 1:’”.; and EL-"M* represent the volumetric rate for surface and bulk mechanisms, respec-
tively.
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4  Sintering Model

The gemeral form of the sintering model is based on the volumetric neck growth rate of
the geometric configuration defined in Section 2 and the thermally driven mechanistic fluxes
defined in Section 3. The mechanistic fluxes are driven by the applied temperature profile
which alters the geometry of the two particle system by changing the neck volume. The
general sintering model uses two sintering foundations: {1) conservation of mass and {2)
girface sintering mechanisms preserve Interparticls spacing.

4.1 Sintering Model Formulation

The first foundation, conservation of mass, does not allow any materlal to be added to
the two particle system., A solid state sintering process using an inert atmosphere does not
produce any chemical reactions between the gas and powder particles, therefore sintering is
basically a rearrangement (movement | of material {atoms) within the powder particles to the
neck region. There is no gain in mass which implies that the total volume of the system V)
remalns constant. Therefore, the volume at any instant during sintering must be equal to the
initial volume of the system [V7)

“yj{{l; fi8 n = ﬁy}{ﬂm L {a]' = Va [11:'

with initial conditions (a., @, {.). Eq. 11 represents the first equation in the general sintering
el

The volume comservation constraint allows elimination of a variable (p) so that the ex-
pression for the neck volume (Eq. 1) can be expressed in terms of the particle radius a and
particle separation {. Therefore, the volume of the neck {Eq. 1) is now expresssd as

Via,p, )y, = Via, 1} (12}

To relate the volume of the neck under a constant volume constraint to the mechanistic
volumetric rates {Equations 5-8), the total time derivative of the neck volume (Eq. 12) is

computed.
av i

d ;
The total rate of change in the volume of the neck is equal to the sum of all of the volumetric
mechanistic fluxes, {Section 3), thus setting Equations 10b and 13 equal to each other provides
the relationship between the neck geometry and the driving mechanistic fluxes

i L L 1

E-E+Tj-j=f‘rm;+ﬁm (14)

Equation 14 represents the second equation in the general sintering maodel.
The second foundation states that surface mechanisms preserve Interparticle spacing. It

is well documented in literature that the surface mechanizms do not produce sintering strain
or alter the interparticle distance [1, 2, 4, 10, 13]. Restating this in terms of the geometric
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parameters implies that the surface mechanisms do not change the value of I during sintering,
or § = 0. Thus if surface mechanisms are the only sintering mechanisms that are active (i.e.,

Voue = 0), then Eq. 14 reduces to

% <& = Viury (15)

and Eq. 15 represents the third and final equation in the general sintering model.

The two surface transport mechanisms included in the sintering model are surface diffusion
and volume diffusion on the surface {Equations 5 & 6}, therefore

Viars = Via + Vi (16)

and similarly for the bulk mechanisms, volume and grain boundary diffusion {Equations 7 &
#], thus _ _ )

Vobwire = Via + Vi (17)

Equations 11, 14, and 15 creates a system of two differential equations and one algebraic

equation that are wsed to solve the change in neck volume driven by the two surface and

two bulk mechanistic volumetric fluxes. Equations 16 and 17 indicate the surface and bulk
mechanisms includesd in the general sintering model, represented by

aoav o .

E'H+E'IZFM+FU¢+H6+F9H (18a)
oy e .

E-u = Vs + Vita {18h)

.i'rr:yilzﬂ'l .I'-"'ri} o .i"'ra:_!.li{ﬂm Pas In} ‘{1&:}

In order to reduce the mathematical complexity in the general sintering model, Fo. 18b is
subtracted from Eq. 18a, which reduces the system of equations to

av 5 .

B b= Vet Ve (192)

% -f: ]'-"'ud‘l'vgbd {lg'h::l
“p{ﬂw .ﬂ;—“ = ]-";,FI:I!].-_-., [LEN '!E':I -I:J_'QI_E:I

The complicated functional form of the partial derivatives and the material flow rates makes
an analytical solution unfeasible, but mmerical solutions of this system of constrained first
onder ODE"s can be readily computed. We emploved Mathemafica's constrained ODE solver
to obtain the simulation results presented herein.

In order to completely define the system, initial geometric conditions are required for
i, g and . The initial particle radius {.) s defined to be the mean radius of the powder
particles (a,, } obtained from a particle diameter analysis, i.e., a, = a,,. The powder is loosely
compacted after manufacturing and possesses no particle fattening (or penetration), therefore
the initial separation is just the initial particle radius, i.e., [, = a,. An initial neck radius is
produced from metallic bonding forces associated with a Hertzian contact. Easterling [3, 9]
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and German [2], have defined a method to calculate the initial neck radins {p,) depending

on the free surface area consumes] by the contact geometry of the two spheres, which has
been caleulated to be, g, = 10%a,, and is the same value used by Hwang [6]. Therefore, the

complete geometric initial conditions are represented by
{60y far Lo} = (Bm; 1050, Gm) (20)

The mechanistic fluxes {Equations 58} are temperature dependant (Le., Vi = Vi(e, p. 0, TV
and the system of equations represented by Eq. 19 {with initial conditions displayed in Eq. 20)
can be solved under an applied temperature profile T, pq..

4.2  Sintering Model Calibration

The final version of the general sintering model (Section 4.1) uses the accepted values
of the material constants for 316L 55, displayed in Table 2. Material constant values are
not precisely established, but possess an accepbed range of values and a cholee was made to
combine the variability of the material constant values into a single numeric coefficient { B;) for
each mechanism. Past researchers [2, 1, 3, 5, 10] have performed similar analyses to address
this issue which have resulted with a range of values for the numeric coefficients B, shown in
Table 3. Powder particles with mean diameter of 80 pm were used, (ie., g, = 40um).

Table 3: Value range for numeric coefficients of sintering mechanisms and the optimal values
obtained from dilatometry calibration.

MNuprimestie Mumeric Coefficient | Chptimal
Mechanism Coefficient. {5 Range* Value
' Volume Ditfusion H.q | B - 50 | 12
Grain Boundary Diffusion B 20 - 48 18
Surface Difluzion Hoi 23 - 56 0.7
Volime Dhithusion on the Burface B 1 - =0 0.9

"Isothermally determined by previous researchers [2, 3, 10

In order to calibrate the strain predictions from the sintering model {Equatlons 19 with
initial conditions in Eq. 20}, the model was calibrated using a data set of non-isothermal
dilatometer strain measurements [15). The experimental data set of dilatometer measure-
ments employed four different heating rates (4-200C,/min) to reach five different maximum
temperatures (1010-1263°C} which encompassed the various industrial sintering processing
conditions for 316L 55, These sintering responses provide data to support and calibrate the
sintering model presented in Section 4.1. Optimal values for 8; (listed in Table 3) were
determined by minimizing the sum of the squared error between the sintering model strain
predictions and the dilatometer strain measurements under this set of sintering temperature
profiles that Include both non-isothermal and isothermal conditlons. The optimal values for
the numeric coefficients {displayed in Table 3) show that the values for the bulk mechanisms

are close to the lsothermally determined coefficlents.
Using the optimal coefficients, the sintering model is aceurate to within 20.3+5.9% of the
experimentally measured final strain for the calibration data set, which has a temperature
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Table 4: Average relative error for the final sintering strain predictions of the sintering maodsl
using the optimal coefficients {2, Bae, Bag, B (42, 18, 0.Y¥, 0.9) compared to the
dilatometer strain measnrements.

Sintering Average Relative ante
Temperature Range | Strain Error (%) | Confidence Interval
1010-1263C 20.3 20.31+5.9%
1100-1250°C 10.7 1007520

range of 1010-1263°C. Sintering of 3161 88 is predominantly performed in the temperature
range of 1180-1250°C [2], and the model increases in accuracy to 10.7+5.2% of the experimen-
tally measured final strain compared to the calibration data set (90% confidence interval).

4.3 Dilatometer testing of optimized sintering model

Predictive capabilities of the optimized sintering model were evaluated by performing ad-
ditional dilatometer experimentation using various temperature profiles not included in the
calibration data set. Two of the test temperature profiles possessed a minimally different
heating rate and lsothermal sintering temperature than the dilatometer calibration data set.
The remaining test temperature profiles exhibited nnorthodox heating profiles to test the ro-
bustness of strain predictions caleulated by the sintering model. The graphical results of the
evaluation temperature profiles are shown in Figure 3 which include the temperature profiles,
the strain caleulated by the sintering model compared to the measured strain with no thermal
expansion effects, and the computed predicted and measured strain rates. All of the verifi-
cation temperature profiles used the same binder elimination interval at the beginning of the
temperature profile. A brief summary of the test temperature profiles is provided in Table 5
and graphical results for tests 1 and 4-6 are shown in Figure 3.

Table 5 Summary of dilatometer temperature profile tests of the sintering model.  The
temperature profile and strain results for tests 1 and 4-6 are shown in Figure 3.

Relative Strain | Percent Strain
Teat || Teat Characteristics Exrror {mm/mm) Frror (%)

Test 1 || Heating rate 5°C/min, Ty, = 124000 0.0149 23.2
Test 2 |[ Heating rate 2°C /min, Ty, = 12580°C 00187 41.1
Test 3 || Temp. spike during isothermal interval 0.00897 LG5, £
Test 4 || Mixed heating and isothermal intervals -0.0122 L7.0
Test 5 || Mixed heating and cooling intervals (.07 4 | [0
Test 6 || Two heating and isothermal intervals XL (0.5
Average (0. O3 [E.3

Standard Deviation 001316 | 3.5

The sintering model was accurate to within 18.3£5.5% of the final strain measured exper-
imentally for the dilatometer test temperature profiles, within a 90% confidence interval. The
strain rates computed by the sintering model qualitatively show all the relevant rate changes
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Figure 3: Dilatometer testing of sintering model for defined temperature profiles mentionsd
in Table 5. Left colomn dizplaye measured strain values and the right colomn shows the
comparted strain rates. (a-b) Test 1. (e-d) Test 4, {e-f) Test 5, and {g-h) Test 6.
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during heating compared to the measured strain rates, shown in Figure 3d, f, & g. The sinter-
ing model is able to predict the changes in the straln rates related to the temperature changes
resulting from each temperature profile.

5 Conclusions

The sintering model developed in this paper and presented as Eq. 19 is applicable for isother-
mal and non-isothermal sintering conditions. Instantaneous strain predictions (in-sintering)
predicted by the sintering model compared to dilatometry experimentation during the heat-
ing and isothermal intervals had an average percentage error of 20-65%. The sintering modsl
produces accurate strain p_[:&djctiuns to within 10% of experimental measurements using the
optimized coefficlents for B; over standard sintering temperatures for 316L 83. The sintering
model thus improves upon the accuracy of previous sintering models that were at best accu-
rate in strain prediction within a factor of two [1).

Past sintering strain models were developed primarily under isothermal sintering condi-
tions wsing rapid heating rates to reach elevated temperatures. The equations describing the
mechanistic fluxes presented by Ashby [1] were developed from isothermal theory nsing rapid
heating rates, which accounts for the sintering model’s ability to reproduce sintering strain
rates using faster heating rates and is less accurate for when using slow heating rates. The
sintering model was able to most closely predict the In-sintering strain for dilatometry exper-
imentation using heating rates of 7-20°C /min with maximum sintering temperatires ranging
from 1100-1230°C, which possessed average relative errors of 20-38%. The sintering model
can qualitatively reproduce features of the sintering strain rate during heating intervals using
a heating rates of 10-20°C/min. Isothermal sintering strain rates are accurately predicted
at temperatures from 1100 to 1230°C independently of prior heating rates. Furthermore,
the sintering model quantitatively modelz final strain for temperature profiles using various
heating rates and isothermal intervals within 18.3£5.5% of the experimentally measured final
strain. Additionally, the optimal values for the E:. surface mechanisms do not correspond to
the isothermally determined coefficient ranges shown in Table 3, which is reasonable since
the optimal R valnes were determined under both isothermal and non-isothermal sintering
comdditions.

Some of the possible geometric contributions to strain errors in the sintering model are:
{1) powder particles are not perfectly spherical, {2) adjacent particles are rarely the same di-
ameter, {3} particles do not remain perfectly spherical during sintering, {4) the neck geometry
dowes not remain spherical, and (5} there is particle erosion at the particle-to-neck interface.
Formulating an exact geometric model of neck growth between two particles is challenging
and would require an additional geometric description of neck growth geometry.

The mechanistic flux usage in the sintering model allows for mechanism interaction that
closely resembles actual sintering, Mechanisms have been linked to geometric parameter rates
{Equations 19 & 19b) in the ideal two particle geometry for volumetric neck growth rates
simulated by the optimized sintering model.
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