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D Initiation
Why glass?

1282 | > 1851 o 2012

Castello Nuovo The Crystal Palace Apple Cube
(Naples, Italy) (London, UK) (New York City, USA)

Transparency with a high stiffness
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-- Initiation

Macroscopic strength

FIBERGLASS [(

— 510" Atomic strength | GLASS
TRUSS E 4 A ROD
Z 10 Glass fiber strength
A =
100 0 X A
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J.-D. Worner, Glasbau, 2001.
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-- Initiation

Ground edge
SEM image

Glass surface
AFM image

G. Molnar et al., Mechanics of Materials, 2013
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-- Initiation

Macroscopic strength
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TRUSS
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f_ covalent bonds = no stress redistribution — brittle
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-- Initiation

Brittle fracture

When and how does it break?

www.eFootage.com

Bullet proof glass test

Intuitive testing methods 1952 (origin unknown)
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Annealed glass plate G. Molnar, Ph.D. Thesis, 2014
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_ Initiation
Plasticity In silicate glasses
¢ 1949 . E.W. Taylor, Plastic deformation of optical glasses, Nature.

e 1963 : D.M. Marsh, Plastic flow in glass, Proc. R. Soc. Lond. A

Window
glass

Structural
steel

Freure 2. Comparison of Vickers hardness impressions in glasses and inmetals. (Left) in soda glass. (Right) in a bearing steel.
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Macroscopic

D Multiscale approach
fracture

um Microscopic experiments
o S e Material
SRR R X \properties

| Discrete
Atomic simulations

simulations Continuum modeling
o T———



qiq' —T;
Atomic scale modeling Ysks (rij): —L eV =
Nl 9 r r

J

Molecular dynamics Potential function for Si-O
| |
1. BKS Interaction potential 50 A\Repulsive
(Cormack 2003) %- 30 NC T
2. |Initial sample generation = 10 / \
(random - heat > quench 2> SiO,-xNa,O) = ! ¥
-10 : Buckingham —
30 — ‘

05 1.0 15 20 25
r [A]

3. Verification
(diffraction, NMR, Brillouin)

—Simulated
—EXxperimental

0 2 4 6 8 10 12 14 16 18
q[A7]
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D Atomic scale modeling

Atomic scale deformation (molecular statics)
Initial Deformed Equilibrium

Homogenous def. Energy minimization
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D Material model development
Basics (FEM)

1. Yield stress (F) 0, F>0
2. Elastic stress A

prediction (K)
3. Plastic return (dp”)
Plastic strains (d&”)

5. New yield stress

B

v
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D Material model development
Computational plasticity (FEM)

1. Yield stress, stiffness (p,)

/
2. Elastic stress / / |k
prediction (K) ‘ P / /
3. Plastic return (dp”) K tan
4. Plastic strains (de?!) |
5. New yield stress
F=p-p’(&)<0
P—P ( Vv ) py
p* (&) =" +H" | T
de, =dg&l +dg)
dp = dp® —dp” —
dp” = Kdg &y
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G. Molnar et al., Acta Materialia, 2016.
D Material model development

MD/MS: Stress state - plastic strain

- quasi-static def.
- constant pressure
shear

A Deviatoric stress - s

permanent volumetric strain

final yield isolines £7(p, 5)

strength 1

quasi-elastic
domain

g,
O/OQQ;. 1‘ | N
l S _step 4 — = — _ ﬁ’_?fe “ - implicit
- = S - hardening plastic

\ __’//4-’
step 1 & model
Pressure - p

FEM: Plastic strain 2 Yield stress

Hydrostatic stress - p

Duality between MD/FEM
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G. Molnar et al., PRE, 2017.

B Atomistic response

Shear stress results

Composition Pressure state
8 - i
T L TS silica (x = 0 %mol) o L.
- N
o 7 ,° - Mantisi's work O 7
O + / Vo s — -2 GPa
6 — A RS e . T (75} _ .
o ,/ : M A Nam-, | o 0 GPa et
9) - / @ Qi;” ip =5 GPa (plastic)
O 4 - / = : /
S0 ol S48V ouing
O 3 - / f ' A ”LﬂrWw““‘MWWW‘V‘%VMN'*“WMW -C:) ) B
= oy et T NSx30 O
O 2 n/’/'/ E
) 1/ > .
o -/ = / failure
> 1 (0] f
o / p=0GPa | QO g
o 0 (R N O (N T N [N S [ | [ [ [N T | P I N N T IS RRRR R
0 5 10 15 20 25 30 35 40 45 5 10 15 20 30 35 40 45 50

Applied shear strain &, [%]
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Applied shear strain ¢ [%]




G. Molnar et al., PRE, 2017.

B Atomistic response

Shear stress results

Composition Pressure state

9 |
—=— NSx5 ¢) NSx30

@ 8 —e—NSx157 1| ¥ -

(ol b, DY

O 7 sol| , ES -8
o ol e 7
e <
g1 x TR
C_U g 20 — ,:' B
> @ O ol A : -
O S X 100 ' %
0 @ y[mf}\f"“'"/?’oo

I o
0 50,‘([:3\]

IrOSSEsS: plateau stress
T Y O I B 1 o Ly P b by b by 1y
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& 10 Pressure p [GPa]
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Gross & Tomozawa (2008) JAP

B Atomistic response

Brittle vs plastic?

Sodium silicate Silica
ductile fragile

SEI/ 50KV X5000 1um WD 134mm SEl / 50KV X5000 1um WD223mm

ductile regime fragile crack
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G. Molnar et al., Acta Materialia, 2016.
D Material model development

MD/MS: Stress state - plastic strain

- quasi-static def.
- constant pressure
shear

A Deviatoric stress - s

permanent volumetric strain

final yield isolines £7(p, 5)

strength 1

quasi-elastic
domain

e ' \ - implicit
< | =< o . $ - hardening plastic

\ __’//4-’
step 1 & model
Pressure - p

FEM: Plastic strain 2 Yield stress

Hydrostatic stress - p

Duality between MD/FEM
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B Atomistic response

Densification
(permanent
volume change)

pl _ .pl pl pl
& =&, t&, t¢,

Hencky-logarithmic strain

Lyon 1

Unprocessed results
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14

= —
= e j— [

Deviatoric stress - §
o

0

G. Molnar et al., Acta Materialia, 2016.

3. NSx5

u / quasi-elastic \ \ ]
- regime \ -
o _———
-14 -12 9 -6 -3 0 3 6 9 12 14

Pressure - p |GPa]




-- Densification

Hydrostatic compression

-0.30
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. o L/AA @ NSxI5
p A NSx30
4{ ;, O s ¢ soda-lime-silica (Ji et al., 2006)
— ,2/“’ ° ¢ © silica (Deschamps et al., 2014)
l/, s ¢ silica (Rouxel et al., 2010)
/V‘,'. F
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Applied maximum pressure - p [GPa]

Hydrostatic plastic strain increases in a sigmoidal way
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G. Molnar et al., Acta Materialia, 2016.

_ Densification

10 — NSx5
Shear at constant pressure - | ey p=-2GPa
2 anl wy_-w:‘,&%‘&aﬁ%“ KV AA
E 6 — ;-‘/‘ﬂ
£ - Y —a— " = 0.00
Deviatoric 2 4 e 13
component S L | e =29
_ 0
& 100
Y
pl _ .pl0 pl .
gv - gv + Bsg % 0.1
/ X £ 02
g
Damage Real £ 02
Variable hydrostatic g 04 1 | 1 | 1 | L | I | I | | | 1 | 1 | |
strai n e 00 0.1 02 03 04 0.5 0.6 0.7 0.8 0.9 1.0

Deviatoric strain - &,

Densification upon shear at constant pressure
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G. Molnar et al., Acta Materialia, 2016.

D Atomistic response

A Deviatoric stress - s

final yield

strength 1

quasi-elastic
domain

MD: Stress state - plastic strain

permanent volumetric strain
. " ]
isolines & (p, s)

L
- l

\stepl——//” s

Hydrostatic stress - p

Pre-densification

25/43

Pressure - p

FEM: Plastic strain 2 Yield stress

PMMH, ESPCI, Paris



G. Molnar et al., Acta Materialia, 2016.

D Atomistic response

16
N N N ) I Y B
4 Lo Internal yield surfaces NSx5 .
: &
- Yield strength as function of y y = V
12 pl,max

[
-

Deviatoric stress - s [GPa]
oo

14 12 9 6 3 0 3 6 9 12 14
Pressure - p [GPa] Parameterized by density
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B What is glass?

Amorphous silica

Volume

~ J\.‘rj
IJ
A

Y

A

il 4
J/J\ N A

A )/"\ '
P g -
= = =y A

¢ ¢
Af/J J\.?/J

Crystal

Fast cooling
(quenching)

A A

27/43 PMMH, ESPCI, Paris
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D What is glass?

Amorphous silica

Zachariasen’s original Atomic-resolution electron
concept (1932) spectroscopy
- {Lr . . -~ ‘-
A%
- . )? | ,* Q
»-O . S
5 -0 O O
O z« r't r O-4 (T
i Y T Q 7
;‘: ,1._-._.:1“ e
| )
QA J
o4 ) > f)""r.:z_‘_\,
1.. } _IJ (5
( ..; (-'{' r -.-{’_D_ ~ {';-,h .
L S p 3 1 “; I
L 3
L ] 8 e i O r:‘ a ,l:‘ > -" |
T 1 "
Open atomic structure P. Y. Huang et al., NL, 2012.
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D What is glass?

Amorphous silica

Shear transformation zone Atomic-resolution electron
Plastic event spectroscopy

Open atomic structure P. Y. Huang et al., NL, 2012.
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D What is glass?

Amorphous silica

Shear transformation zone Atomic-resolution electron
Plastic event spectroscopy

P. Y. Huang et al., Science, 2013.
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G. Molnar et al., JNCS, 2016.

G. Molnar et al., PRE, 2017.

D Atomistic response

u,, [A]

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

Compression induces initial
defects in the atomic
structure which results in a
quicker yielding
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& a) Results from PEs (filled); reverse def. (empty)
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D Atomistic response

Number of plastic events

40000
35000
30000
25000
20000
15000
10000

5000

Cum. number of PEs - n,, [-]
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G. Molnar et al., JNCS, 2016.
G. Molnar et al., PRE, 2017.

Amplitude of plastic event
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Global shear strain - &, [%]
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D Atomistic response

Local strength vs local composition

S. Patinet et al., PRL, 2016.

Region 11

25

E B8 & 2 B

0.5

=
I

0
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G. Molnar et al., JNCS, 2016.
G. Molnar et al., PRE, 2017.

Normaized local composition - x,_ /x [-]
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G. Molnar et al., MRS Advances, 2016

D Atomistic response
o5

Plastic material
model

MINES . : . ‘ i
Saint-Etienne hardening vield criterion
20
13 Brlttle Ductlle
. =}
shear deformation %
Brittle =
Ductile A
M 8
7, :
/ —
. <
/ / 3 shear strain - &
Xy e
SR

i
7”

-15 -10 -5 O g Ik IS
pressure - p [GPa]

Different continuum treatment of
brittle and ductile response
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G. Molnar et al., MRS Advances, 2016

D Atomistic response " .
astic material
24

%{
Saint-Etienne hardening vield criterion ‘ i

13 Brlttle Ductlle

Calibration is necessary

1. Real temperatures
2. Realtime

3. Surface effects

shear stress - g [GPa]

-15 -10 -5 O g Ik IS
pressure - p [GPa]
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G. Molnar et al., Acta Materialia, 2016.
G. Molnar et al., Mech of Mat., 2017

Yi e I d c rl te rl a MINES b.) Hydrostatic stress - p [GPa]
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pressure = p
associated flow rule




45
4.0
35
e =30

SN T
NG O 25

Luo et al., Nano Lett., 2014.
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silicon
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S- Romeis etal., SM, 2015 H. Nili et al., PMS, 2013,
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- Calibration

| (a) Berkovich indentation |
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G. Molnar et al., Mech of Mat., 2017
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-- Verification

}7/1 Room temperature
L Real life loading rate
MINES . .
Saint-Etienne Micrometer size
Indentation Pillar
300 300 2 :
 (a) mdentatlon present work _ (b) micropillar compression \€) mugtopiliar getmelty
250 symbols experiment 250 | , - .
o - ---Kermouche et al. _ |~~~ - Kermouche et al. (2008)
k=) (2008) % present work : at
Q: 200 g : 200 g experiment < aut® diamond indenter
9 ; i ' 4050 ili
5 150 o 150 - e
s & 1
2 _ ' ; g T ;o
50 g . 8 50 — : - ! i ey .
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0 | 0 oDt | A L | I
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G. Kermouche et al., AM, 2016.
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-- Conclusion

equivalent shear stress -

q

] (:D
gl
)

I_I_l d

]

/

T (6)

pressure - p

1. Constitutive model from atomic scale simulations

2. Elementary mechanism responsible for glass

plasticity

3. Good experimental correspondence
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-- Outlook

Modeling brittle fracture
(in collab. with Anthony Gravouil, INSA)
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Open source implementation of ABAQUS/UEL

MORE: www.molnar-research.com
(Examples, tutorial, theory) &
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