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Table 1 Types and applications of binder jet printing

ceramics

Material category Applications References

AlLOs Ceramic crucibles [8]
Sensor shells 9]
Catalytic fixed bed [10]
reactors
Hubs [11]
Glass-based grin lenses [12]

Zr0O, Bone repair [13]
Porous structures [14]

SiC Space telescope mirrors [15]
Turbine discs [16]
Gears [17]
Nuclear-grade fuel [18,19]
Gradient lattice trusses [20]

AIN Pipes, boxes [21]

SizNy Filter elements [22]
Wave-shaped transparent [23]
ceramics

TiC/TiO, Porous prefabricates [24]

BN Red blood cell plates [25]

BaTiOs Piezoelectric elements [26,27]
Pressure sensors [28,29]

HA Bone substitutes [30]
Bone scaffolds [31]

Ca3(PO4) Bone substitutes [32]
Tissue-engineered bone [33]
scaffolds

Dental porcelain Porcelain teeth [34-36]

Si0, Investment casting shells [37]

MgALO4 Refractory ceramic [38]
crucibles

B4C Scattering beam [39]
collimators

Y,0; Investment casting cores [7,40]

Ca0O/CaCOs Soluble ceramic cores [41]

SMM Toroidal cores [42]

Cordierite Honeycomb filtration [43]
substrates

KNN Piezoelectric ceramics [44]

CaSiOs Medical fields [45]

BERE. FHEEZ R, F%E BY U A BAE AT 7T BIRAE N

PRAH 5 B S 1B 4 T I R LS — R I
R, EEELPEIHREHER., 2oyt
e e JF BS54 JR B AHLEL, Mg BY 72Ky Riftsh
PE—FL a5 — ) A BE S5 A0 i 2% S I SR A g
S9VESANEE: 1) Bk R H RARRRE B R IE
B, HER G E AL AL R s, SEBERK)
5728 1A (D) Xt i Ky S 405000 5 20 I 1
fU; 2) PaRERARAE R G 5 THE P Bl SR AR

WrE I PE 2, (B AR S PR IR EEA R
W, F M EA e =S /HER R I IR
H“RLJVEAE1E I OVEM FR bRs 3) AHEC SR W
IR RE B0, W8t 2 1 1 75 LA Bhbe
RNesh 12355 T2 LA 48 B2 = BU% A6 2L
R, [ERREI BORIAH 1L R S AL S
e e BARSURAL AR mlbr e HAkid. BT bk
WA T REGIEZESR, ACRERERLE. ik
M SRS E R T, REGEMEIFAILER
HfE 4R BY AU UL AR &R Skedt OfF
(AR AR RN 732, MR IREH . B4
— MR EAE A SEET N R KR4 4 AN BT
ARG EEDE BT, FRTEICE AL B e BT &4l
TR BB O %) Bt 1) it DA B Bk
1 ATHETEARREET NS T

% =6 A
1.1 $HMEIES DEM BiEESR

15 B T 2H, K RSl e @ M A T ) e S e
W, HAERBEHIEMRNHERE R, LIRS
RMEHKE S, M NSEE . VIR
R EESEEAT N .. Miao Z5EBIE R G 47R hig i,
A3 PR T B30 PS8 HE AR S P AR TR RS 2 2 A
FRPREE AR

TER PREH IS AR, BURLIZ B 2 1 P B HURRAE
BB S R R SE A, BRI, AP ES
RUBORLIL ) o B9 BT (DEM) K 54N FUk A0 A M1
s aE e SR RIORE 5 URE K R BE TH 2 [A] )
Wb A BEEIE R . WANBH I SRER, BT
2 F TR R AT A B BUE B 7T 14950, 7E% W, DEM
IR RL R, FORE % Al i@ >R - Hertz-Mindlin 15
B, BN EEEE SR T M R R AR
— NG AT 20 pum)INF, AR LR 18] 1R B 45
iath, Fo| NFET JKR/DMT s 2 (1056 s A 8 bt
J1IN, SRR Y F B UKL R TR 3% B, Haeri®!!
K BRIGAIRIRL R R T, RGUT T TSRS
TR Z R, SRR PR
AT BB K AR Lk 5 SEAR B 2 08 B, T
E B AW S a8 ik e Bk HE AR S = HE S ) 5
LilND B

NETEEM BT, T DEM B HY R
IR VAR TC BN TRAR R R (R 2): MXT %R T
FAE R LA, TR N RIARSE A T 2R TP
R H— 2 S DLz 2 JE AR T ROk R B



2654 55 9 M

Fio

JB A

FhAE TSN SR e M R A AR RUE L. DUIR, PRk R

Physical process chain

7
Capillary action

i . i Grain growth
Capillary action . Gaspathways -
) | ) | Deblndmg | . ) Pore shrinkage
Powder spreading | Jetting Curing | l | Sintering
%
S KR contact models I Pore scale Continuum scale  Solid-Fluid coupled : Macro-FEM(T-M-C) I NIacrorecalc
[=} . .
éo 0 o . . | \Q/ - | Reaction Kinctien |
. e, (e A - > "
© = - Gas transport
'§ o ®b| 7 /T\ | M = m NS | (Diffusion/caroy) |
E | ] ' CP“D DE]\./I":}“:. li | Ehascfidd | Phase ficld Cominuu FEM
=) coupling /e i
g LDIELY | <c;f:3:rlyLZ5i'Lmi?ﬁm gl'ﬁn';?ﬁﬁf; :::sdoerl) (Gas-particle ﬂpow)g | G| (Densiﬁcation)1 (Viscoplactic/Sintering)
'.4'55 (Particle dynamics | ) i ) | o | o Gm‘f_:")"
S & packing) | Multiscale infiltration models | Debinding models | Sintering models
I |
8 I |
i ) Porosity field distribution @) Binder saturation field | nitial density field ) |
é ) (Cloud map) . 8J) (Gas generation source) | n (Non-uniform) | Grainisize
5 Pore size distribution F% Effective diffusivity Residual binder
“é‘ (Histogram) (Sas exhaust capacity) i @ (Impurity content) Residual stress
Powder bed pressure Green strength Macro/micro defect Mechanical property
E (Line chl;n) (Initial defects) | - (Stress distribution) prediction
1
K1 BIBg&H KRR BUETHS TR R 25
Fig. 1 BJ ceramic preparation flow chart, numerical calculation method and material parameters!”)
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Table 2 Binder jet printing simulation involved parameters and meanings
Symbol Name Definition/Expression Unit
¢ Time Process time s
X Position vector Position vector m
Dso Granulometric distribution Powder particle size at 50% mass cumulative m
Sy Solid surface area Sv=A/V; For spherical particles Sy=6/d, m!
® Solid phase volume fraction 0=V Viow=1-¢ 1
e Porosity e=Vyoid/ Viota=1-¢ 1
P Theoretical density Density of a fully dense material kg'm’?
Pob Powder bed density Pob=bed/ Voed kg'm™
P Relative density p"=plpm; Powder bed: ppw=ppv/pn 1
R, Surface roughness Arithmetic average roughness m
R Dimensionless surface roughness R.:=R./Ds 1
h Powder layer thickness BJ print layer thickness m
h* Dimensionless layer thickness ratio h*=h/Ds 1
Pl Binder liquid density Binder density kg'm
1 Viscosity Binder viscosity Pa's
Oiv Surface tension, liquid-gas interface Binder liquid—gas surface tension N-m™!
[/l Contact angle Static contact angle of binder on powder °
dy Droplet diameter Equivalent diameter of jet droplet m
Ug Droplet impact speed Impact speed of droplet on powder bed m-s!
P, P, Liquid/Gas phase pressure Py, Liquid pressure; Py: Gas pressure Pa
P, Capillary pressure P=P—P, Pa
K Permeability Permeability of porous media m?
Relative permeability function Relative permeability 1

Kis)
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(Continued Table 2)
Symbol Name Definition/Expression Unit
S Binder saturation S=Vi/Vyoid %
S Process set saturation S8=Viet/ Vsoiax100% %
Req Reynolds number Reg=p-ug-da/iu 1
Weq Weber number Weg=piu;dd/or 1
Caq Capillary number Cag=-ud/ o 1
Bou Bond number Bog=prg-di/o 1
Ohy Ohnesorge number Ohg=w/(pr o1y dg)"? 1
T Temperature Process temperature K
B Heating rate p=dT/d¢ K-s!
e Binder mass fraction/concentration CR=MB/Miotal 1
krxn Reaction/Decomposition rate constant Fexn(Arrhenius:  k=A+e FRT) 5!
Detr Effective diffusion coefficient Des=Do+e"/t m?s!
T Tortuosity Dei=Do/t 1
ki Thermal conductivity Material thermal conductivity W-m-K!
he Convective heat transfer coefficient Convective heat transfer W-m2K!
& Linear shrinkage es=(lo—1)/lo 1
Gij Stress tensor Cauchy stress Pa
s Surface energy Solid surface energy Jm?
i Phase field orientation order parameter Orientation order parameter for the i-th grain 1
G Grain size Average grain size m
g Gravitational acceleration Acceleration due to gravity m-s?
R Gas constant Molar gas constant J-mol 1-K!
A Pre-exponential factor Arrhenius pre-exponential factor s!
E Activation energy Activation energy J-mol™!
I Specific heat Constant pressure specific heat J-kg - K!
a Thermal diffusivity a=kn/(p-cp) m?s!
Ck Kozeny-Carman structural constant Kozeny-carman constant 1
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Fig. 2 Powder spreading stage: process parameter effects, bed structure and validation methods
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Fig. 3 Droplet impact and powder bed infiltration: physical stages, modeling choices
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Control variables
Critical risk when Ry(7,0)
outpaces evacuation
via D, and K(p)

Phase field / damage
Void-crack nucleation,
growth, connectivity opening,
(crack statistics)

Bmder diffusion and volatilization mechanism

Pore network evolution
Connectivity opening,
¢(x, Hupdate,
channel formation [K(¢)evolution].

Used for: mechanism understanding, closure derivation, critical criteria

Diffusion (Knudsen + Molecular)
7

Do,
Dominates at low p, small pores, carly stage
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Darcy flow (pressure-driven)
K(p) and gas viscosity
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Critical criteria derivation
Critical thickness
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(a)Transport mechanisms and controlling parameters

FEM thermo-chemo-

Kinetics module :
mech coupling

Transport module
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(d) Change in lhermal

(c) Stress at different temperatures |
decomposition monomer content'”!

in the degreasing stage"

Gas transport model Phase field model

45 min 60 min |

(f) Crack formation mechanism
in degreasing stage'"""

(e) The remdual binder changes |
with time''”"!

(b) Modeling chain: kinetics—transport—FEM coupling
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e/

Fig. 4 Debinding process: routes, coupled physics, modeling chain
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Table 4 Experimental verification of degreasing model
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Critical heating rate, defect sensitivity parameters
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Micro models—
Kinetics and closures
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(f) Micro models (Potts / Monte Carlo and Phase field)
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(g) Micro—macro parameter correspondence
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Fig. 5 Multi-scale modeling framework, parameter transfer & validation chain for sintering stage
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Table S Experimental verification of sintering model

Measurement Data-Out

Calibration Model

Dilatometry Shrinkage of 7/t

Final prel or porosity
(AL/L)yy,

Warping, internal defects

Archimedes density
3-axis shrinkage
3D scan/CT
SEM/EBSD G(?), Pore morphology, distribution

Mechanical tes Strength scatter, fracture origins

Densification kinetics and constitutive parameters
Endpoint consistency and closure validity
Anisotropy and size shrinkage law
FEM warping prediction and defect inheritance assumption
Micro-models and micro—macro closures

Defect sensitivity and quality consistency
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Full-Process Numerical Modeling for Binder Jetting of Ceramics:
Current Status, Challenges and Outlook
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Extended Abstract

Binder Jetting (BJ) additive manufacturing emerges as a promising forming process for fabricating geometrically complex
ceramic components, including thin walls, internal channels, and topology-optimized features. The process achieves forming through
the selective deposition of a liquid binder onto a powder bed, typically without involving a melt pool. Consequently, it is inherently
compatible with high-melting-point, brittle ceramic powders and is less constrained by melt-related instabilities. Despite these
advantages, achieving robust manufacturing remains challenging. Defects and variability rarely originate from an isolated processing
step. They emerge from the interaction of a series of strongly coupled steps like powder spreading, binder deposition and infiltration,
drying/curing and depowdering, thermal removal of organics (debinding), and sintering. Heterogeneities introduced early in the
process chain are often transmitted and amplified, ultimately manifesting as non-uniform shrinkage, warpage, cracking, residual
porosity, and property scatter. In this context, full-process numerical modeling is increasingly required, serving for mechanistic
interpretation and for predictive process-window design.

This review consolidates recent advances on numerical modeling of ceramic Binder Jetting (BJ) and proposes an organizing
principle to enhance the coherence and utility of the literature, framing the process chain through transferable state variables that
quantify process inheritance. Modeling approaches are evaluated not as isolated stage-specific problems, but according to three
dimensions, i.e., 1) the specific physical quantities predicted; 2) the transferability of these quantities as consistent inputs to
subsequent stages; and 3) the practicality of calibrating and validating the relevant quantities through accessible experiments. Key
transferable state variables highlighted include the spatial distribution of powder-bed porosity and pore-size statistics; permeability
and its directional dependence; local binder saturation and organic distribution in the green body; evolving transport coefficients and
gas-generation rates during debinding; and the initial relative-density and defect fields that control densification and shape evolution
during sintering. Centering on these variables enables an explicit clarification of inter-stage coupling logic and charts a path toward
engineering-grade predictability.

Powder spreading modeling defines the initial mesoscale structure controlling all downstream responses. The discrete element
method (DEM) is widely adopted as it enables the direct representation of particle rearrangement, contact interactions, and localized
compaction under blades or rollers. The existing studies demonstrate that particle size distribution, morphology, cohesion, layer
thickness, and recoater kinematics jointly regulate bed density, surface roughness and structural anisotropy. For full-process
simulation, key advantage of DEM converts these attributes into downstream-ready descriptors-including porosity maps,
pore-network statistics and anisotropic permeability closures.

Binder deposition and infiltration determine the saturation field and organic distribution, which simultaneously control green
body strength and subsequent gas evolution. At the component level, Darcy-type infiltration models remain an effective tool for
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rapidly exploring printing conditions. When permeability and capillary effects are expressed through measurable parameters (e.g.,
viscosity, surface tension, and wetting), these models can be enhanced to incorporate drying, evaporation, and curing/solidification
kinetics. When pore-scale interfacial dynamics and droplet impact dominate, higher-resolution approaches are required.
Interface-capturing computational fluid dynamics (CFD) and lattice Boltzmann method (LBM) simulations have been used to resolve
transient interfaces and flow pathways in complex pore geometries, while coupled DEM—CFD frameworks have been introduced to
capture infiltration-induced particle rearrangement in fine powders.

Debinding is typically the most failure-prone stage since gases generated by binder decomposition must vent through a pore
network while the solid skeleton remains weak and thermally stressed. Consequently, predictive modeling necessitates a coupled
treatment of reaction kinetics, transport and mechanical response. Decomposition kinetics is typically constrained through
thermogravimetric analysis (TGA), commonly implemented with multi-step schemes that represent complex degradation pathways.
Gas transport is treated through diffusion, convection, and pressure-driven Darcy flow, with permeability and effective diffusivity
evolving with porosity and temperature. Coupled heat and mass transfer in actual geometries can be solved through the finite element
method (FEM) implementations, with a failure risk evaluated by relating pore pressure, strength reduction, and constrained
deformation.

Sintering consolidates the debound microstructure and determines densification, grain growth, and macroscopic shape change.
Continuum constitutive laws embedded within FEM remain a dominant route for component-scale prediction, providing that
temperature-dependent viscosities/creep parameters are calibrated and initial relative-density fields are supplied. These models are
essential for predicting anisotropic shrinkage and warpage induced by inherent heterogeneity. In the microstructural scale, the Monte
Carlo Potts models and phase-field approaches reveal the mechanisms of neck growth, pore evolution, grain-boundary migration, and
coarsening. Despite high computational cost, they provide a basis for reduced-order kinetics and constitutive relations applicable to
engineering-scale simulations, linking fundamental mechanisms to manufacturability.

A consistent thread across all stages is that predictive capability relies on effective parameter identification and validation.
Accordingly, this review recommends establishing a validation matrix aligned with transferable variables. Powder spreading should
be validated via bed density, surface roughness, and anisotropy metrics; infiltration via penetration depth, saturation mapping, and
spatial green strength, debinding via multi-rate TGA/DTG constraints, independent characterization of pore-network evolution, and
statistical measures of cracking/distortion as well as sintering via shrinkage anisotropy, warpage, final density, and defect populations.
Designing validation around variables required for downstream transfer allows uncertainty to be localized and gradually reduced, thus
avoiding implicit redistribution across the chain.

Summary and Prospects Future developments in the field are likely to follow three main trajectories. First, standardized
definitions and transfer rules for transferable variables are required to reduce inconsistencies among models and to support
reproducible coupled workflows. Second, the integration of uncertainty-aware calibration and sensitivity analysis into
process-window design is warranted as fundamental constitutive relations and kinetic parameters are constrained by measurement
limitations and condition dependence. Third, integrated workflows combining high-fidelity simulation, reduced-order modeling, and
data-driven surrogates are essential for fast component-scale screening and optimization. Driven by these advances, full-process
modeling can evolve from retrospective interpretation toward prospective control of process—structure—property linkages in ceramic
BJ, thereby improving reliability, dimensional fidelity, and performance consistency across diverse material categories.
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