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Abstract

The Celcor™ substrate is a ceramic honeycomb that is mostly air, structured air. Its shape begins with paste extrusion. The
die exit and the extrudate are complementary: the lower the pressure-drop for airflow through the honeycomb, the higher its
die extrusion pressure. Higher open frontal area means less pressure-drop and less thermal mass, resulting in faster
acceleration and faster catalyst light-off for your car, something good for everyone, but challenging for honeycomb
manufacturing.

The extrusion paste is a highly-filled polymer solution: inorganic and organic particles in a visco-elastic matrix. The paste is
almost mathematically transformed by extrusion from a solid billet into a honeycomb twenty times longer. The honeycomb
inhales air as it exits the die. Going from die entrance to exit is a mechanical inversion of the metal being the continuous
phase (to hold shape against extrusion pressure) to the paste being the continuous phase (to hold shape against gravity and
handling). Structured air is not load bearing, if not contained.

Upon leaving the supporting die, the paste must have sufficient yield stress to maintain its honeycomb shape through all the
down-stream processes. The wet-green yield stress is significant, requiring high shaping pressure and resulting in plug-flow
slip through the slots of the die.

Next, the shape is further fixed: the binder (aqueous polymer solution) is removed by drying and pyrolyzing, taking full
advantage of the honeycomb’s thin webs and open channels, leaving a honeycomb shape of assembled particles, which are
reacted and sintered to become the porous ceramic honeycomb.

This assembly of particles exists before and after the shaping/extrusion die. The paste has an elastic modulus and yield
stress, as does its wet-green honeycomb extrudate. Particles are touching within the paste and after pyrolysis. Touching is
required for shape preserving yield stress and strength.

High solids-loading is required for pyrolysis strength and low sinter shrinkage. These stiff pastes are abrasive: particle-
particle and particle-die contact result in wear, friction resistance, elastic strain and spring-back.

Extruding a particulate paste through progressively narrower and narrower slot goes from continuum to granular mechanics
as the confining dimension approaches the particle size and level of mixedness. The market drives us to thinner webs for
faster light-off. How thin can we go?

The final product requires a specific microstructure of particles, so the paste is not designed for optimum rheology. The paste
is composed of platy particles that flow-texture to align co-parallel with the honeycomb web to achieve the desired fired
microstructure. It is not a simple tribo-rheology problem, but it is a successful, enduring product. Every nonelectric car has a
honeycomb.
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the Celcor™MSubstrate

Celcor™ is Beautiful

collimator
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Random and Structural Porosity
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Ashby Plots

Two shapes for strength:

Shape of the object
Shape of the microstructure

Tanner (2015)
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but, the Celcor™ die is more perfect
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Soft

The Transient Composite
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Way down here we are in
the land of easy
mouth feel deformable solids with pastes to food, and
. good mouth and finger
flnger feel feel: food and cosmetics:
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cold peanut butter, pasta
paste, cheese, lipstick etc

10% 20%

Ashby (2009)

| materials map

4]

Recently, I've begun comparing my

mechanical properties of cheese.

“Mouth Feel” instea
Feel”.

looking at the

Kamyab (1998)
d of “Finger
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Die-entry accelerating through the plastic zone
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Ve in the dieland ] Vout after the dieland

plastic enough to change shape in die,
but stiff enough to keep shape after die

what is going on
in here?
incipient flow

The Need for Elastic Plastic Theory
McMeeking (2013)

critical state

soil mechanics
Wroth&Houlsby
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Dry vs Wet  the Joy of hydrostatic pressure

the binder and particles
K must stay together
O\ .i) must extrude together

the binder bears
the hydrostatic load,
shielding the particles

PRINGPLE oF
powder MOTECTION MOLDiNG .

HRPPY As AL HECK
Your Wisk 15 OLR Commaup

German (1990)

[soil mechanics]
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Making stiff paste

" MAKING RoPES
From SAup”

TADDY
12 1OR) <

PARTc LES
\D PoLYmER g eQuep s
SACX A G
CAFTIA, .
Swkee 7

aMD’o‘ z%& 6:".*“__/
( 1 SHAPO &

CORNING |

.. Meaksy ."of.\é& da\
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C.F. Rinns
1857-1934

not very stiff

The extrusion paste is a highly-filled
polymer solution: inorganic and
organic particles in a visco-elastic Foacss T
matrix. Role of the liquid is hydrostatic . S
support, so it must not seep.

The paste is plastic and must knit
(cohesive, adhesive to itself)

Knitting is required by the massive
parallel processing of

assembling the array of flows
within the die

0y, < Of long, not short

g, > 044 cohesive, not sticky
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. Basic Egg Pasta
T h I n k PaSta ! 4 large eggs Place eggs, water, flour, and salt in mixer bowl. Attach

(7/s cup (208 mt] bowl and flat beater. Turn to Speed 2 and mix 30 seconds.

CO m m O n La n g u ag e y ?ggﬁs ) s Exchange flat beater for dough hook. Turn to Speed 2 and
) S knead 2 minutes, Remove dough from bowl and hand

3z cups (830 mL) sifted  knead for 1 to 2 minutes, Let it rest for 20 minutes. Divide

all-purpose flour dough into 4 pieces before processing with Pasta Sheet
If2 tsp (2 ml) salt Roller attachment.

Follow instructions in “Cooking Pasta.”
Yield: 174 Ibs (565 g) dough.

shear
yield stress
~ 2 psi

Brabender

Torque Rheometer
coarse

mix feed

0.54 T T T T T T

- |||||||||||||||||||||||||||||||||||||||||||||||||||U||ﬂ$|at|uﬁat|ing|||||||||||| =1000 psi

082 T (I ||H”:::::|||||||||||||||||||||| ~25 psi

long—> short
shear stress e

g %2 [ increasing il
=1
: 2
- o unsaturated - saturated

048 - 5
§ = short-> long
S 0.080"—=0.0157 o .
2 then stack = shear stress decreasing
= 0.0807 i
R 10 time fold&roll T
=

044 | 0.0807 2]

10 time fold&roll
~2 psi
i : , ; : Seeley&Walden|™<P

0 1 2 3 5 5 7 8 .
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Useful in the lab for guidance

No-Hertzian-Contact

Cartoon World
| |
g \ |
HIGH SOLIDS [OADMIG— o & |
g\ '
V = Verit © \ IPS i
= I
. _ |
IPS = E (VCTlt — 1) Funk&Dinger :
A 3\ V |
CRITCAL 0
~IPS 11 1 \V
shrink ~ =37 (Vopir — V) E crit
‘ Blackburn reciprocal plots
o
. what if V,, is process dependent?
‘ X 90nm 0l m critical solids loading
26| 39 M
6%, V< Vo, o |
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Capillary Rheo (die-entry) Tribology (die-land) with plug-flow
(...perk of significant yield stress at slow speeds)

PASTE
FLOW AND

188

Benbow Paste

EXTRUSION

Herschel-Bulkley
Model

¢ =0,+Ki

Benbow's equation for plug-flow extrusion:

Shear rate

Piotar = Pdie—ent‘ry + Pgie—land

something empirical » (&) ny .. + (£) m
to guide one in the lab... Protat = 2In D (050 + kp ve" Jie—entry * 4 D (tf” + kve )die—Iand
speed dependent

yield stress
Here, die-entry is all plastic work: no viscous and no elastic terms

complementary flow is indentation
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Linking together the die-entry and the die-land

Risr Sruider No-Hertzian-Contact
Cartoon World

Lt T H_‘i EX TReDATE
—_—

V,

e

slip film thickness:

6=3IPS ford<<d and D>5d

when
- d (Verit
IS = E( ” — 1) fﬂT IPS K d Funk&Dinger
& V
—=7] - Kalyon (2005)
d crit
Vsii 1 DIPS
P o -—-—= 51as5d—-D
YIPS 2dé
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A tOUChing StOI’y of wear and comminution/attrition
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Weibull and Birchall were all about paying attention to the tail of the distribution

—
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Ficure 1.—Cross section of a cast-iron die show-

ing approximately the progression in wearing

i from an orifice of cylindrical form loward a
tapered ortfice of constant wear rate.

A, die; B, protecting ring; C, entrance.

\/




- - K. Kendall (2001
A St I Cky Un I Ver S e Mo/eecrl//z?r,é(\dheszon and its Applications: The Sticky Universe

Let them touch!  ....contact patch, how hard are they touching?

allowing negative numbers
....Hertzian contact

compliant shell
of adsorbed polymer
on hard core

SH Kim I
Her7zignS
carTRcy

pI
Fig. 1 Geometry of the problem
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Fig. 14.6 (top) An added binder in liquid between particles influences consistency

and flow of a slurry or paste and (bottom) compliant binder films on particles provides
deformability needed for compaction and plastic extrusion.
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Touching is good

(L) | 18} ‘ 13

§20744

Fig. 2.—Magnified section of a plastic clay mass: (A) soft, (B) medium, (C) stiff.

Fig. 10.21. Alternate paths for matter transport during the initial stages of sintering.
Courtesy M. A. Ashby. (See Table 10.1.)
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non-ideal plastic body

It's Friction Lossy very lossy

Astbury, Moore & Lockett (1966)
cyclic torsion results from clay:

------ Strain[e] —— Stress [c] Time [t] |
Corresponding
[a] Elastic Solid| Hystergs!s Look) memory of clay

NF Astbury, F.Moore & JA Lockett 1966
[] CYCLIC TORSION TEST FOR STUDY OF PLASTICITY 441
bfViscous Liquid

N P

[c] Visco-elastic s
Material 8
: S38Ee)
Erot
P b
[4] Plastic-rigid . i
as lf.'_-rrg —:q_\‘ e e € o : Tt ]
SQI ld pird \‘_‘ o .\‘ : :-r—,
O vlAt o =3
hoN P WL i o
: : i
[e] Clays & Bodies € :
F n H
il | L
et
T
FIGURE 3.—The behaviour of various materials under sinusoidal straip, ~ FIGURE 2.-—Stress—strain record of torsion test on earthenware specimen at 2997
moisture conteni. Vertical axis representis strain or angular displacement;

horizontal axis represents stress or torque.
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particle-particle

article-die n
érowdlng

Potters 3000A
d5y=33um

\/~ 8.01+-0.09 mil dry green
V 067 7.06+-0.12 mil slot

.~ . (178um slot ~5 particles)
Vcrlt 0.70

- Die swell 8-14%
l Length = 7.90 mil

dry

th = 8.01 mil | extrudate
tape

th = 7.99 mil

th = 8.02 mil

Length = 8.17 mil

Length = 7.95 mil ‘

wall-drag

‘ friction p —
|

Seeley&Walden
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slurr
Figure 4. Cross-sectional view on cut capillaries packéd with

the 5 um-sized Zorbax SB-C18 particles: {(a) 180 um id, {b)
50 pm id and (c) 30 um id capillary.

hi14 ~ O . 1 3 plateaus as speed increases

Oo
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Particles pushing particles against the die-wall % "

Bulk does not have a ready-made shear zone, 1 ‘ {
but die-wall is a discontinuity, a ready-made shear zone | £ XTRUDATF

normal force of the particle assemble
pushing against the die-wall
is related to the yield stress of the paste

Shear
Zone
\ : v
o [ [|
]
. : T
Unstressed Shear with Consolidation "—-'*\- All load : : All load
Fig. 15.24 Model of distribution of filler, finer clay particles of high aspect ratio/ .§ as;ir;ﬁiri::l:;u : : su[;-lpl::?;:lczgu:l?ld
binder molecules, pores (dark regions) in plastic body, and formation of shear zone &-:"’- : :
during plastic deformation. o |
g |
= I
2 !
6 |
Gumbel number for plug flow: A= :
|
Ve g |
Gu = r]l — Boundary Mixed [ Hydrodynamic
N lubrication ! lubrication ' lubrication
log (Gumbel number, Gu)

Fig. 1 Typical Stribeck curve showing the variation in frictional drag
(expressed as the friction coefficient) with the Gumbel number for

Richard Stribeck 2
1861-1950 a lubricated contact.
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Can the die-entry
and the die-land be related?

Hertzian-Contact
Cartoon World

contact i ¢
patch IFs~3
friction i %
yield |
Siress How much of die-entry and die-land wall drag
7T 1 . ] -
WERTZIANS i1 4 can be attributed to rheology and how much to tribology*
ColTRCT .
-f’l o ":{h
P f %
- e
MECHTIVE .::'i FesTivE - |
SEFRRATICAS ks o o, e o o o o P« e

Twiscloey | RHEOLOGY
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now .... No sphere particles:

-
D77 Ny

TeXtU rlng with platelets: alumina, clay and talc R=D# Qm

- ~ d;’
contracting —_——=
flow

—=

|

\

|
ncreased

— ==

German ewive _Reed
random _input —e= oriented output

Example 23,5 Panticle orientation produces anisotropic shrinkage.

Messing

]
memory of clay , i

o increasing
i 8 :; . OFA
R /] — - e — Beall, us6506336
Fesae 1 l T

anisotropic ceramic: _
polycrystalline cordierite decreasing
where negative expansion axis CTE

grows in the plane of the web Lachman,us3885997
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Fig. 3

© 2018 Corning Incorporated | 21



Reduction extrusion reveals the granularity of the paste
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57k/1 27k/2 6700/3  1700/4 820/6 420/7 400/7

Pyrex 6350618 12umglassand8umtalc  Cordierite 6299958 Die

Granularity — loss of continuum

i n { A
Interrogation of local - 5 2 /%
rheology/microstructure i o &
25 : “60 | |A
4 - | e
It might be easier to indent (Biscoe) than to - ;o Hegman gauge
extrude (Benbow) on the sub-mil scale. e
r [ r SaE
| Instron Cross Head ‘ S e —w_ gl I_-| , 2 ;?:,
T f_l I_l s 1: e .
C ] C | C
- ﬁ(.'*l.'lll'.".".EFIlj"l_'l. ) UFSETTING INDENTATION HARDNESS
Fig. 1. Experimental test configurations
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Rheology and tribology on the same scale as the web

600/3 ~ 83um

my hair

© 2018 Corning Incorporated |
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