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Introduction

@00

Atomic-scale modelling

DFT (Density Functional Theory) Potentials
— Approx. solution of Schrédinger equation — ML and classical interatomic potentials
— Precision — Less accurate

Limited to small-sized simulation boxes Efficient predictions of energy and forces

— High computational cost — Computationally affordable methods
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@00

Atomic-scale modelling

DFT (Density Functional Theory) Potentials
— Approx. solution of Schrédinger equation — ML and classical interatomic potentials
— Precision — Less accurate

Limited to small-sized simulation boxes Efficient predictions of energy and forces

— High computational cost — Computationally affordable methods
Total energy
@;\\ Classical interatomic potentials
Other atoms
— EAM, MEAM...
— Based on a physical understanding of interatomic bonding in

the material

Atomi

poosri't‘i:ns — Reasonable transferability

— Less flexible than ML potentials (Mishin 2021)
— Computationnaly light

Mishin 2021
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Introduction
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— Non-linear many-body potential, used for metals (Finnis & Sinclair 1984)

— 4 parameters 0 = {p, q, A, ¢}

— Cutoff radius reyt — range

— ldentification of parameters 8 — crucial (but challenging)

Effect of parameters on computed properties ?

Teut
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— Non-linear many-body potential, used for metals (Finnis & Sinclair 1984)

— 4 parameters 0 = {p, q, A, ¢}

— Cutoff radius reyt — range

Teut

— ldentification of parameters 8 — crucial (but challenging) . ;

Effect of parameters on computed properties ?

Material context: zirconium
— Nuclear fuel cladding material (Zircaloy)
— lrradiation = Vacancy and SIAs defects

— Defect diffusion & clustering related to irradiation growth
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Introduction
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Objectives

Robustness

— Model screening

L
o

N\

A

2 Ly&

0 Parameters

Start

Sensitivity

— Variance-based sensitivity
indices

I 1st order
[ Total

Sensitivity indices

Parameters

X1 X2 X3

Objective value

Expressivity

— Multi-objective optimization

May 2022
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Robustness of interatomic potentials Identification of the most influential parameters ity indice

Used SMA potentials

— Parameters: 6 = {p,q,A, ¢}

Feut reut

Ert— ¢ Ze—zq(%—n n Aze—p(%—l) — Range: reu
J#i J#i
Dufresne potential (2015) Willaime potential (1991)
— Short range: between 2" — 3/ neighbours — Medium range: between 6t — 7t" neighbours
— Fitted on bulk properties of fcc Zr at 0K — Fitted on bulk properties of hcp Zr at OK
— 0p = {7.376,2.492,0.269,2.693} — 0w ={9.3,2.1,0.179,2.201}

SlAs defects and stacking faults not well described SlAs defects and stacking faults not well described
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Robustness of interatomic potentials f the most influential pa

0@000
Model screening

Quantities of interest (QOls)

e Structure: a, ¢, Ec

Elastic properties: Cj;

Formation energy of point defects: Vacancy. SIAs

e Stacking faults energies: s, (prismatic + basal)

3

&
z
b4

intrinsic
fout,)

i

il
:

Stacking faults in hcp lattice, Hull & Bacon (2001)

SIAs defects, Vérité et al., Phys. Rev. B, 87 (2013)
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Robustness of interatomic potentials
0®00

Model screening

Screening Interqu?lrtQiIRe) Range
e 2.5% variation around the fitted parameters sets 6p and 0y Qutiers Outiers
e Uniform distributions (assumption) s 06
o Nominal reut é’fi."if.'é'fl'é';) Qu Median 3 (Q?ixir.'é'ffgﬁ)

(25th Percentile) ~(75th Percentile)
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Robustness of interatomic potentials

@00

Model screening

Screening Interqu?lrtoilke) Range
e 2.5% variation around the fitted parameters sets 6p and 0y ouTers — OUTE'S
e Uniform distributions (assumption) s 06
o Nominal reut (:;Ti."if.'%'fu'é';) Qu Median 3 (;'fixir.'é'ifgﬁ)

(25th Percentile) (75th Percentile)
cl j YsF

® DFT ® DFT
[ Dufresne [ Dufresne
I Willaime EEI [ Willaime

175 I
150 | § ™ 300
) N
s e g
M
K B

00

[GPa]

Bulk Cn Cr2 Caa Ci3 Cs3 Ye yn Yiz Yeer
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Robustness of interatomic potentials

00e00

Model screening

Screening Interqu?{toilke) Range
e 2.5% variation around the fitted parameters sets 6p and 0y Outters Outiers
e Uniform distributions (assumption) s 06
o Nominal reut (;;Ti."i'.?t’fé';) Qu Median 3 (S'é'ixi'.'é'ifgﬁ)

(25th Percentile) ~(75th Percentile)

Cij YsF

225 % DFT % DFT
200 [ Dufresne [ Dufresne
1 Willaime 400 [ Willaime
175
150 5 300
& 125 g
= 100 E’zoo *
75 *
100
50
= —
25 o] —— — ——
Bulk Cn Ci3 Cs3 Ye yn Yi2 Yeer
o Outliers, asymmetry... especially on Cj;
e Strong effect on small range potential
e Role of the cutoff? j.e. role of strong gradient zones?
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Robustness of interatomic potentials

Model screening

Effect of the cutoff handling .
g cut
o 30% variation inside the cutoff interval reye = [rl,, re,] EO\F =

=)

Polynomial

=
!
|
|
|
T
|
|
|
|
|
|
|
|
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Robustness of interatomic potentials

00000

Model screening

Effect of the cutoff handling

T interval

=y
o)
TS . ; 2\ g o
e 30% variation inside the cutoff interval reye = [rl,;, 1S, g @ = —
. i
e Strong effect on properties 0 - —
-
) gl
e Complex mapping rey: interval / properties Polynomial { |
\
\
\
\
\

e Need to find the "good” rcy: interval for each random
parameters set

150.0 4.35
147.5
F 4.30
o
= 145.0 E
& z
_': 142.5 o425
© T
140.0 & |
4.20
137.5
135.0
4.15
04 05 06 07 08 09 1.0 04 05 06 07 08 09 1.0
reut interval [A] reut interval [A]
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Robustness of interatomic potentials

0000e
Model screening

Reduction of the artefacts
Optimization of the cutoff interval
® V0; — reut interval |(Cjj, Ef,7y) are stable
o Cjj or Pjj based strategy (Optim Elastic or Optim Dipoles)

i :
1501 & ‘%ﬁ

ngS ! é;* o

- i

g
H g
E ® DFT
. 100 1 No Optim
- H B Optim Dipoles
® DFT
501 =1 No Optim ! 50 BN Optim Elastic

0
.
.
Dufresne

E=3 Optim Dipoles
BN Optim Elastic

Bulk  Cn Ci Caa [SERENET Ye Y Y2 Yeri

e Reduction of artefacts = improved robustness
o Need to take care of the ryt interval for:

— implementing a potential into MD codes and get correct values
— sensitivity analysis = avoid non-physical values (cf. Dhaliwal et al. 2019)
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Identification of the most influential parameters

Variance-based sensitivity analysis

Sobol’s method sobol, Math. Model. Comput. Exp. , 407 (1993)

I 1st order

: [ Total
— First order indices: S; = 8
Y 9
. .o . Vv _ Vi °
— Higher order indices: S = V—;J/, Sijk = viy, i
- - -~
— Total indices: S-.-i =S; + S;j + S;j| + ...+ Sk >
=
— N.B.: (S7; — Si) = influence of the interactions between 2
parameters &

X1 X2 X3 Parameters

This work
e 2.5% variation around the fitted parameters sets 0p and Oy
e Uniform distributions (assumption)
e Stratified latin hypercube sampling
e Sampled sets: 6;,i = 1...N x (2), with N = 500 and k = 4 parameters

o Optimized reyt interval

May 2022 Del Masto, COSIRES
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Variance-based sensitivity analysis

Results

This work
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Variance-based sensitivity analysis

Results

This work

C,'j and Ef
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Variance-based sensitivity analysis

Results

This work

C,'j and Ef
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Identification of the most influential parameters

Variance-based sensitivity analysis

Results
This work
° S,‘ ~ ST for C,'j and Ef
Prismatic ' Basal =@ o p:
Lojyper VE v vz ;fg — Strong effect on E,rs'As
i | 8=
08 ii — Moderate effect on E;/aca"cy and
06 Cij (except Cas)
18z
02 6 d — Strong effect on Cj;
o il — Rather important on Efvaca"cy
P a4 A £ P a4 A £ P a A & P a4 A £
® Sk
Willaime 035 — Similar indices for I, b and E

030 faults (Hirth & Lothe 1982)

025 — Effects of parameters are indirect

-020 — Fairly high influence of (p, €)

060 fo.s interaction.
0.10
a
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Identification of the most influential parameters

Variance-based sensitivity analysis

Results
This work
e S;~ St for Cjj and Ef
Prismatic ' Basal =0 o
107 ppp1 VE yit yi2 ::5 — Strong effect on EFS’As
08 | | "I’i — Moderate effect on E;/aca"cy and

Cjj (except Cus)

0.4 -g:% o E:
as
s & & — Strong effect on Cj;
o il — Rather important on Efvaca"cy
P a4 A £ P a4 A £ P a A & P a4 A £
® Sk
Willaime 035 — Similar indices for I, b and E
030 faults (Hirth & Lothe 1982)
025 — Effects of parameters are indirect
~020 — Fairly high influence of (p, €)
Q6B 015 interaction.
0.10 a,s w . . . .
p e Sensitivity indices can guide potential

fitting
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st influential parameters Sensitivity indices-oriented refit

Setting

Metamodel and multi-objective optimization

Polynomial chaos-based metamodel (Ghanem et al., J. Appl. Mech. 57 (1990))

— PCE-based surrogate model for a, c/a, Cjj and E¢ (with correction of artefacts):

Y=Y yaVa(d)

Legendre polynomials (suited for uniform distributions of parameters)

only p and (p, &) parameters used to build the model
— p=[7, 13.94], £=[0.42, 3], A=0.17936 , g=2.1 (based on Willaime potential)

Multi-objective optimization
— Non-dominated sorting genetic algorithm Il (NSGA-II) (Deb et al., IEEE Trans. Evol. Comput. 6, 182 (2002))
— Genetic algorithm with a modified mating and survival selection
— pymoo implementation (Blank and Deb, IEEE Access 8, 89497 (2020))

Objective function: DFT reference values for a, c/a, Cjj and Ef (14 objectives, same weights)

May 2022 Del Masto, COSIRES



Multi-objective optimization

Results

May 20!

]
N

146.82

227.68 140
p solution

.90 50.66

97.70

271.84

48.48

p+E& solution
Nominal
Objective

61.78 42.72

10.17

1.04 1.60

1.53

[GPa]

1.55

1.54

Bulk

Cn Ci2

Caa

Ci3

Cs3

gyacaney  go-siA
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Multi-objective optimization

Results

146.82 227.68 140.90 50.66 97.70

271.84

= p solution
s p+& solution
= Nominal
== Objective

48.48 61.78 42.72 10.17 30.60 78.70 1.04 1.60 1.53 1.55 1.54 -9.75 2.83 1.61
[GPa] [eV] [A] n
Bulk Cn Cr2 Caa Ci3 Cs3 EYacancy  gQ-SIA EEO EPS EECP Ec a c/a

— Improvement of the formation energies E; of SIAs point defects and Cus
— Ideal ¢/a

— p solution = 8.04, (p, &) solution = (7.513, 2.627)

May 20!
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dices-oriented refit

Multi-objective optimization

Results . :
Ref. Optim p + £ EAM #3 BEAM #2 Ref. Optim p + £ BAM #3 EAM #2
|GPa] g
Bulk 99 109.01 99.3 1002 EY 207 214 1.67 2.26
Cn 140 13324 142 149 | BT 20915 304 2.96 3.13
Cha 86 108.86 75 82 Ef9 272 2837 2.79 2.87
e 24 24.31 44 48 EPS 2839 287 2.93 3.21
Cis 68 778 76 65 EJOP 281 284 2.8 3.13
Cis 168 185.7 168 180 EYe 0176 0.259 -0.009 0.3
BV 0.094 0.33 0.0069  0.31
Ref._Optim p + & EAM #3 BAM #2 , Rl Optim p + £ EAM #3 EAM #2
'mJ.m”
E.[eV] -6.17  -T.04 -6.63  -6.469 n : 147 2961 99 55
A 3.23 298 3.23 3.22 Y2 213 59.21 198 110
1.6 1.627 159 1619 Ve 274 88.8 297 164
0071 0.018 0054 0.052 e 211 33221 135 357

— Not perfect Cj; (except Cas)

May 2022 Del Masto, COSIRES



dices-oriented refit

Multi-objective optimization

Results . :
Ref. Optim p + £ EAM #3 BEAM #2 Ref. Optim p + £ BAM #3 EAM #2
[GPa] [eV]
Bulk 99 109.01 99.3 1002 EY 207 214 1.67 2.26
Cn 140 13324 142 49 BTN 20915 304 2.96 3.13
Cha 86 108.86 75 82 Ef9 272 2837 2.79 2.87
e 24 24.31 44 48 Ejs 2.839 287 2.93 3.21
Cis 68 778 76 65 EJOP 281 284 2.8 3.13
Cas 168 185.7 168 180 EYe 0176 0.259 -0.009 0.3
BV 0.094 0.33 0.0069  0.31
Rel._Optim p + € BAM #3 BAM #2 ., _RelOptim p + € BAM #3 FAM #2
[mJ.m™?]
(B [eV] -617  -7.94 663 -6.469 n 147 2961 99 55
| af4 323 208 3.23 3.22 Y2 213 59.21 198 110
boel 1.6 1.627 159 1619 Ve 274 88.8 297 164
[Ebec—hep
Dlev) 0071 o018 0054 0.052 e 211 33221 135 357
4_Laiom

— Not perfect Cj; (except Cas)

— Not perfect lattice parameter a and cohesive energy E., but hcp more stable than bcc

May 2022
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dices-oriented refit

Multi-objective optimization

Results _ -
Ref. Optim p+ & EAM #3 EAM #2 Ref. Optim p+ & EAM #3 EAM #2
[GPa] e
Bulk 99 109.01 99.3 100.2 BY 2.07 2.14 1.67 2.26
Cn 140 13324 142 49 BTN 20915 304 2.96 3.13
Cha 86 108.86 75 82 Ef° 2.72 2.837 2.79 2.87
Cua 24 24.31 44 48 Ejs 2.839 287 2.93 3.21
Cis 68 7.8 76 65 EJCP 2.81 2.84 2.88 3.13
Ciy 168 185.7 168 180 ERY* 0176 0.259 -0.009 0.3
BV 0.094 0.33 0.0069  0.31
Ref. Optim p + € EAM #3 EAM #2 , Rl Optim p + € EAM #3 EAM #2
Lw=2)
Ec[eV] -6.17  -7.94 -6.63  -6.469 n 147 29.61 99 55
A 2.98 3.23 3.22 Yr2 213 59.21 198 110
1.627 1.59 1.619 e 274 88.8 297 164
0.018 0.054  0.052 YPp1 211 33221 135 357

— Not perfect Cj; (except Cas)
— Not perfect lattice parameter a and cohesive energy E., but hcp more stable than bcc

— Stacking fault energies not well reproduced — link with c/a ratio and expressivity limit of this SMA with
reut 6 nearest neighbours

May 2022 Del Masto, COSIRES



indices-oriented refit

Multi-objective optimization

Results _ -
Ref. Optim p+ & EAM #3 EAM #2 Ref. Optim p+ & EAM #3 EAM #2
[GPa] [eV]
Bulk 99 109.01 99.3 100.2 EY 2.07 2.14 1.67 2.26
Cn 140 13324 142 149 (BTN 20915 304 2.96 3.13
Cha 86 108.86 75 82 Ef° 2.72 2.837 2.79 2.87
Cua 24 24.31 44 48 EPS  2.839 287 2.93 3.21
Cis 68 7.8 76 65 EPOP 281 2.84 2.88 3.13
&™) 168 185.7 168 180 EFVTT01760 0 0.259 -0.009 0.3
BV 0.094 0.33 0.0069  0.31
Ref. Optim p + € EAM #3 EAM #2 , Rl Optim p + € EAM #3 EAM #2
'mJ.m™
Ec[eV] -6.17  -7.94 -6.63  -6.469 n ] 147 29.61 99 55
alA] 323 2.98 3.23 3.22 Yr2 213 59.21 198 110
<1/l 1.6 1.627 1.59 1.619 e 274 88.8 297 164
ARbee—hep
[ ] 0.071  0.018 0.054  0.052 YPp1 211 33221 135 357
—latom

— Not perfect Cj; (except Cas)

Not perfect lattice parameter a and cohesive energy E., but hcp more stable than bcc

Stacking fault energies not well reproduced — link with c/a ratio and expressivity limit of this SMA with
reut 6 nearest neighbours

— EfBO < EfBCp < EfBS < EfO_SIA, as in DFT, and in contrast with EAM#2

May 2022 Del Masto, COSIRES



indices-oriented refit

Multi-objective optimization

Results Rel. Optim p + £ EAM #3 EAM #2 Rel._Optim p + £ BAM #3 EAM #2
[GPa] [eV]
Bulk 99 109.01 99.3 100.2 BY 2.07 2.14 1.67 2.26
Cn 140 13324 142 49 BTN 20915 304 2.96 3.13
Cha 86 108.86 75 82 Ef° 2.72 2.837 2.79 2.87
Cua 24 24.31 44 48 EPS  2.839 287 2.93 3.21
Cis 68 7.8 76 65 EPOP 281 2.84 2.88 3.13
Css 168 1857 168 180 1 BV 0476 0.259 -0.009 0.3 1
BN 0094 _ 033 ___0.0069___031 |
Ref. Optim p + € EAM #3 EAM #2 , Rl Optim p + € BAM #3 EAM #2
'mJ.m™
Ec[eV] -6.17  -7.94 -6.63  -6.469 11 ] 147 29.61 99 55
ald]  3.23 2.98 3.23 3.22 Yr2 213 59.21 198 110
<1/l 1.6 1.627 1.59 1.619 e 274 88.8 297 164
A Eabr:c—hr:p
[y 0071 0018 0.054  0.052 YepI 211 33221 135 357
—latom

— Not perfect Cj; (except Cas)

Not perfect lattice parameter a and cohesive energy E., but hcp more stable than bcc

Stacking fault energies not well reproduced — link with c/a ratio and expressivity limit of this SMA with
reut 6 nearest neighbours

— EfBO < EfBCp < EfBS < EfO_SIA, as in DFT, and in contrast with EAM#2

— Positive 1nn vacancy binding energies as in DFT, and in contrast with EAM#3

May 2022 Del Masto, COSIRES



indices-oriented refit

Multi-objective optimization

Results

Rel. Optim p + £ EAM #3 EAM #2 Rel._Optim p + £ BAM #3 EAM #2
[GPa] [eV]
Bulk 99 109.01 99.3 100.2 BY 2.07 2.14 1.67 2.26
Cn 140 13324 142 49 BTN 20915 304 2.96 3.13
Cha 86 108.86 75 82 Ef° 2.72 2.837 2.79 2.87
Cua 24 24.31 44 48 EPS  2.839 287 2.93 3.21
Cis 68 7.8 76 65 EPOP 281 2.84 2.88 3.13
Css 168 1857 168 180 1 BV 0476 0.259 -0.009 0.3 1
BN 0094 _ 033 ___0.0069___031 |
Ref. Optim p + € EAM #3 EAM #2 , Rl Optim p + € BAM #3 EAM #2
'mJ.m™
Ec[eV] -6.17  -7.94 -6.63  -6.469 11 ] 147 29.61 99 55
ald]  3.23 2.98 3.23 3.22 Yr2 213 59.21 198 110
<1/l 1.6 1.627 1.59 1.619 e 274 88.8 297 164
A Eabr:c—hr:p
[y 0071 0018 0.054  0.052 YepI 211 33221 135 357
—latom

Not perfect Cj; (except Cas)
Not perfect lattice parameter a and cohesive energy E., but hcp more stable than bcc

Stacking fault energies not well reproduced — link with c/a ratio and expressivity limit of this SMA with
reut 6 nearest neighbours

EfBO < EfBCp < EfBS < EfO_SIA, as in DFT, and in contrast with EAM#2
Positive 1nn vacancy binding energies as in DFT, and in contrast with EAM#3

Refitted potential = good compromise

May 2022
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Conclusions

00

Conclusions
e The robustness of a potential is affected by the existence of strong gradients;
e A sensitivity indices-oriented technique to refit interatomic potentials is proposed;

e An improved SMA potential is identified, that can be used to study small point defects physics in a-Zr.

Perspectives

e Application to N-moments TB potentials
e Further efforts to obtain a better SMA potential require:

— reyr = adjustable parameter (explicitly);
— a more global SMA model screening, in order to push the optimization problem up to the SMA
expressivity limits.

May 2022 Del Masto, COSIRES 15/15
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Additional Material
[e]e]e]e]e]

Properties vs cutoff interval - Willaime potential

30.5
150.0
101
30.0
1475
— 100 29.5
5 7 g0
S g g
= 5290 = 1425
a3 % S &
28.5 140.0
98 1375
28.0
135.0
97
04 05 06 07 08 09 10 04 05 06 07 08 09 10 04 05 06 07 08 09 10
reut interval [A] reut interval [A] reu interval [A]
—6.17
1.6320
3.1975 0.0001
3.1970 1.6315 0.0000
3.1965
= < 1.6310 = ~0.0001
%3.1960 = 2
© W —0.0002
3.1955 1.6305
~0.0003
3.1950
1.6300
31045 ~0.0004
04 056 08 10 04 056 08 10 04 056 08 10

Feu interval [A]

Del Masto, COSIRES




Additional Material
0000

Properties vs cutoff interval - Willaime potential

2.066
435 4.30
2.064 428
g F 430 _
2 8 £ 4.26
=2 8 P~
£ 2002 g g
= a
S Za2s 3424
H H B
H i EN
& 2.060 & W22
4.20
2.058 420
415 418
04 05 06 07 08 09 10 04 05 06 07 08 09 10 04 05 06 07 08 09 10
Feu interval [4] Feut interval [A] Feut interval [A]
364
445
14.8 362
44.0 360
146
435 s 358
g g £
: = 14.4 356
Ea30 E E
™ 2 £354
¥ £ £
425 142
352
42.0 14.0 350 F
415 348
0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Feu interval [4]

Feu interval [A]

ey interval [A]

Del Masto, COSIRES




Additional Material

142
100 235
23.0 140
99
25 138
T 9 =220 =136
5 & &
i) S <)
= <215 13
Z 97 3 ]
o o
21.0 132
96 20.5
130
95 20.0
128
19.5
03 04 05 056 07 03 04 05 056 07 03 04 05 06 07
rew interval [A] rew interval [A] reu interval [A]
1.72 _6.0
3.30 1.70
-6.1
325 1.68
1.66 —6.2
3.20 - =
= S1.64 2 6.3
= e i)
©3.15 S 162 W
-6.4
310 1.60
1.58 65
3.05
1.56 -6.6
3.00
03 04 0’5 06 07 03 04 055 056 07 03 04 05 056 07

Feu interval [A]

Del Masto, COSIRES




Additional Material
[e]e]e] 00

Properties vs cutoff interval - Dufresne potential
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Reduction of cutoff effect
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Sensitivity analysis - lattice parameters
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Refitted potential

Ref. Nom. Optim p Optim p + & EAM #3 EAM #2 Ref. Nom. Optim p Optim p + & EAM #3 EAM #2
[GPa] [eV]

Bulk 99 98.98  86.3 109.01 99.3 100.2 E}/ 2.07 206 181 2.14 1.67 2.26
Cu 140 142.30 114.08  133.24 142 149 B9 2915 427 312 3.04 2.96 3.13
Ci2 86 89.40 82.06 108.86 75 82 E?O 2.72 4308 2.983 2.837 2.79 2.87
[om 24 2862 216 24.31 44 48 Efs 2.839 426 2.981 2.87 2.93 3.21
Ci3 68 63.12 58.96 7.8 76 65 E; O 281 423 2981 2.84 2.88 3.13
Cs3 168 175.84 148.95 185.7 168 180 EFVe 0176 0.216 0.193 0.259 -0.009 0.3
EF 0094 0228 0219 0.33 0.0069 0.31

Ref. Nom. Optim p Optim p + & EAM #3 EAM #2 ) Ref. Nom. Optim p Optim p + & EAM #3 EAM #2

[mJ.m™7|

E.[eV] -6.17 -6.19 -6.15 -7.94 -6.63  -6.469 T 147 9.93  17.03 29.61 99 55
a [4] 3.23 319 335 2.98 3.23 3.22 V12 213 19.86 34.05 59.21 198 110
ﬁb [/]h 1.6 1.63 1.629 1.627 1.59 1.619 E 274 29.79  51.08 88.8 297 164
A[E v ' 0.071 0.027  0.013 0.018 0.054 0.052 YPPI 211 367.48 292.85 332.21 135 357
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