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‘Glass Discovery

Motivation
* (Glasses: back-bone of society

TARGET

* Glass discovery: empirical, uneconomical < | /

with a design-to-deploy period of 20-30 .

ye a rs '23 . 4? _>l’;r<]e:rrg;lExpernments

. 28

* UN sustainable development goals: 10/17 gg A B ioh-hroughout

can potentially be addressed through - : valedlations

glass innovation: IYG i

f - 5 — Intuition-driven
_ trial-and-error time

* Areas: energy, infrastructure, healthcare,

C02 emission, Space sector Lookman et al., npj Comp. Mat., 2019

Alternate approach: Data-driven Modeling
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Hydrogen
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Intermediates Boron Cambon || Mivrogen || Oxygen || Fluorine
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Al Si P S Cl
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simulation

Al-driven
simulations and
analysis

S. Miret, NMAK, Nat. Mach. Intell., 2025; | Mandal, ... NMAK, Nat. Communications, 2025 (accepted);
NMAK, K. Jablonka, Nat. Rev. Chem. 2025
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MatSciBERT

First Materials-aware language model

—~ A
| y = YA
§ BERT based materials \_4 (fiij > |4
Language Model / Text Selecting
Encoder pre-trained for Query search Download aterial
15 days on Materials research ,
Science corpus papers PADIGO
consisting of ~285M Papers
words ) .
Named entity recognition | <
Relation classification ‘ €
Abstract classification ‘ ‘
Downstream
tasks

Gupta T, et al. NMAK, Mausam, npj Computational Materials. 2022 May 3;8(1):1-1.

. [ The Materials

Science
Corpus

2 MatSciBERT-

s - Material

] science aware

5 é Language
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étructu re factor database

Image analysis
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Zaki et al., NMAK, JNCS-X, 2022
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ji% Journal of Non-Crystalline Solids: X
ELSEVIER Volume 15, September 2022, 100103 _

Natural language processing-guided meta-
analysis and structure factor database
extraction from glass literature

L \J 1

— Neutron

Mohd Zaki ¢, Sahith Reddy Namireddy ¢, Tanu Pittie ¢, Vaibhav Bihani ¢, Shweta Rani Keshri °, — X-ray

Vineeth Venugopal ¢, Nitya Nand Gosvami °, Jayadeva €, N.M. Anoop Krishnan 94 2 &
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*421 structure factors

*302 glass compositions

«22 unary, 142 binary, and 103 ternary
glasses

*Both experimental and simulated



MaCBench

What is the volume of the unit

Benchmarking multimodal models ...

are present in the table? Which solvent was s q Laboratory
n used in the reaction? experiments
. Wi g 1g, ov von
RN o £ O TUEDA (o) _ /(E The chemist wants to
[ Ll BuOK O mer) T s P . .
' R ooty : s run a volatile chemical
reaction overnight.

M O d e | 5 i What statements about
o , the picture are true?
What is the viscosity ' ,

Llama 32 QOB VlSl{:}n (in poise) of the fiber

Gemini-1.5-Pro ata;;_fgzr;gf;;ure
GPT-40 T
Claude-3.5-Sonnet

In silico and
lab experiments

AFM characterization MOF characterization

Data extraction =

What is the correct ascending order
of adsorption strength at low pressure (0.01 bar)

in mol/kg for CO; in the given MOF
isotherms simulated at 298 K?

What is the maximum height
of the gold nanoislands in nanometers?

|
——

. )
In silico and _
lab experiments -~ Data
interpretation
©
Data Inte o retation r =0 — Bandgap analysis Molecule analysis XRD pattern analysis
- Does the electronic structure in the The measured molecule is an aromatic 6-memberedring ~ What is the crystal structure
following image show a bandgap? with 2 chloride substitutes. Based on the NMR spectrum,  type of the material based on
how are the substituents located to each other? following XRD pattern?

[ | |
0.0 0.2 04
Gain in accuracy compared to random baseline :
B |
|
{ L L_!L_‘LA“EA h._;‘,'\,, :
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80 100 120

N. Alampara, et al., NMAK, K. Jablonka, Nat. Comput. Sci, 2025




LLaMat

LLM for Materials

Pretraining

Peer-reviewed Materials Science 3.051% Crystallographic
MatSci Publications Community Discourse Information Files

0.019% | 2.499%
* o

94.431% . N

@® Publications @& MatSci Comm.
® Redpajama @ CIF

RedPajama (subset)

LLaMat

Mishra et al., NMAK Nat. Mach. Intelligence, 2025 (Accepted in principle)
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ﬁ" | Finetuning for Crystals

Syntactic
Instructions

What is the lattice
parameters of...?

LLaMat

~chemical formula structural
"MgZ2 (Si2 06)'
_chemical name mineral

What is the volume
of the unit cell?

Enstatite

_symmetry_ cell setting

orthorhombic ;
cell angle alpha Seman’qc
90 Instructions
~cell angle beta

20 Which atoms are
soctlangle_gamna present in the
a0 .
~cell formula units Z crystal’

’ What is the

_cell length a
18.25099(400)

~cell length b . _
8.814(1) Which element is

coordinate of...?

MatNLP Doping EEW
MOF General WL

o 1 2 3 a

Sample Li20 Na20 AI203 SiD2

0

1 | 1 0 1 4

2 c2 08 02 a q,r'
3

4

1
Ci 06 0.4 1 4
1

c4a 05 0.5 4

|E from tables

or

%!E W |E from text

~cell length c present with ...?

5.181(1)

— LLaMat-CIF

Lavat  Crystal Generator

Generate a stable
crystal based on...

W | || ol
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LLaMat

First Large Language Model for Materials

MatSci-Instruct NLP Tasks
Machine Reading Comprehension 224

Question Answering 224

Open-Ended Generation 214

_ Classification 203

Dataset Size ltems Information Extraction 201
Mat Sci Comm Discourse 14 M 37401 iilzi?,z; Fxtraction }gg
tokens Topic Modeling 188

| | Writing 180
Elsevier 24B 3.42 M (521 journals) Commonsense Reasoning 179
tokens Code Interpretation 172

Event Extraction 167

Springer 6B tokens | 0.641M (395 journals) Grammar Correction 165

. Clustertin 162

Red Pajama 1B tokens Named Entity Recognition 160
Text Simplification 153

CIF Files ~4gb 454,046 Summarization 149
Sentiment Analysis 149

Part-of-Speech Tagging 146

Editing 145

Mishra et al., NMAK arXiv, 2024
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LLaMat

First Large Language Model for Materials

q 100, .
. E ntlty Matscholar
L‘l—'. Bl || aMat-3-chat Recognition Extraction
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Mishra et al., NMAK arXiv, 2024
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Information Extraction from Tables
Challenges

IE from figures
r,. . .’ ......... :;‘o .' v | o
d , . Materials —
R I e e r— structure
2 | B " =
TR T * IE from text —
H— .—)’ '/_ o
He® — complete
Materials Processing Testing Materials Science Tetrahedron
compositions conditions conditions Properties
IE from tables .
GI 94 6 225 @ ‘= 9 X/
o i X —
G2 96 4 2.23 Y o e é d 2d 4
’ Processing =
Materials Materials Testing
compositions Properties conditions Structure
a0

Gupta et al., NMAK, Mausam ACL, 2023 Hira et al., NMAK 2023, RSC Digital Discovery
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Information Extraction from Tables
Challenges

Composition log g (S Em']:l
(B0GeS:—-20Ga: 53— Lil)yq -0, 34 (5)

6. Single-cell compositions: Entire composition in one table — -
. o (B0GeS5:-20Ga;y 53 op—NaClyy g | —6.92(5)
cell (some coefficients may be missing)

Base composition(mol®%):75TeD—20Zn0-5Ma,0

/. Percentages not summing to 100: Re-normalization is Glass {Tm;‘;'ﬁ ?’hﬁ; [Hﬂ;_f]h
wil wl wl
needed. Common case is doping Undoped - -
TTO%
8. Percentage contributions as variables: Like X, vy, eftc. Rees)

Contributions can have arithmetic expressions

0,079 0167 0265 0250 0429

9. Partial Info Tables: Percentages of only some

constituents reported in table. Infer remaining bei%) 041 860 765 841 780
Sel 2 e . 1y ey |

composition from table caption or publication text

Glass composition in the paper:

20Laz 5y — (B0 — x)GazSy — xCsCl

CsCl)(maol3s)

10.Other corner cases lace n (L5 pm)
2.253 + 0.001

2.265 + 0.00]

GLSC10
Gupta et al., ACL, 2023 GLSC20
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MatSKRAFT

Composition extraction from tables

Property Extraction * K2 Inlegration
‘ -
- ”
e > >
. ° ‘
1. Property extraction with units .
CNN-1 foe Corrgplex Drepir-cpacliv Inferancing on
o . proparty predicizn Ure! Extracton Fost processing Drge drtysel
2. Composition extraction l
Compastion Extracton | l
3. Linking them - oy A ~@)
< 7 LA
5 g I . (4] ‘ ‘
. . - :,:__‘)I » . e —— 144
4. Applications | > (WA &
\1/. . ’F B e )
o v -
GNN-2 for CONN-S b Srrpe Licking entises
LU taldex MCC nd M tables Ut Extracion wihin and aceces
1atéeg
Applcatons l
‘ fo\ “C‘ B — —
Gt I~ =
e ‘v.
Nudural Selecton Mo aroperty Neswarch Trard Hate readenals Formiry e
Chiarts sLrees g Aosdyss Hertdhcalon Iye-scue
Kroakelpe-tuse

Gupta et al., ACM, 2023
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Composition and property extraction from tables

®

F1 Score

100 -

Electrical
BN MatSKRAFT properties
B Gemini-1.5-Pro _ — —
Claude-3.5-Sonnet Optlcal.
GPT-40 properties Electric
Deepseek-R ' Refractive conductivity Activation
BN Deepseek-V3 e 1.0 il ad
AbDS AW Annealing
number point
Young's Sl Crystallization
modulus 4 \ temperature
srear [/ . N
Mechanical | Medulus 0.0 / temperature
Properties
P | X >
Poisson //  Liquidus
ratio / \ temperature
S = .
Hardness X Melting
\ temperature
//
Fracture Softening
toughness point
Densi Thermal
iz v Bulk expansion
Property Composition modulus  coefficient
Extraction Extraction

Gupta et al., NMAK, ACL, 2023; Hira et al., NMAK, Al4Mat, NeurlPS, 2024

w—— MatSKRAFT

s Gemini-1.5-Pro
Claude-3.5-Sonnet
GPT-40
Deepseek-R
Deepseek-V3

Physical
properties
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MatSKRAFT

Extracted dataset

Glass Thermal
Activation  Annealing Crystallization transition  Liquidus Melting  Softening €xpansion Bulk _ Fracture Shear Young's Electrical
energy point temperature temperature temperature temperature point coefficient  modulus Density ~ toughness  Hardness Poisson modulus modulus Abbe Refractive conductivity
(eV) (K) (K) (K) (K) (K) (K) gms. (K1) (GPa) (g/em3)  (MPa-m'’?)  (GPa) ratio (GPa) (GPa) number index  (Q 'cm™?!)
6 _ 2500 | —— 25001 60 5] 200 10°]
2500 4000 4000 1 500 -
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i | | -8
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X 0001 2000 i
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1074; 60 1
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a 2000 20001 S 400- o = 150 y
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_ - . 15001 = 3
O 1500{ —— 1500 1000 - 10-5 | —=f=—300 - e 031 gl 150 400 _ 3]
% 2000 - 2000 - — 100
= 1000 - 1000 1 1000 1 | 2000  50] 10 20 0.21 100{ L P .
Z s00| PP 500 | D" | 1000 { < =000 - ] 1 aa 50 | SRS
—_ 100- 2.51 5 0.1 50 - /\ jL : .
0 ol—— o 0 ol—— o ol ——=——=10- L 5 oL & 0 0 0 0 15
—4 _ p
6 2500 2500 AT -~ 2500 10 -~ . 05 200- 10°]
15001 —— 12.5- 251 ——  250-
20001 20001 20001 —— 400- 0.4+ 6001 150- 41 16744
D ) —_— 3000 3000 100{ ——  20; 401 200 ]
@® { —— 1500+ ! 1500 1 -5 ] | 03+ | 10-81
o | Nodata™” 100 —_— 2000 NO data 10| ==p==300 No ata 75- 154 No data _ | \150] 4001 100. 3
O i —d— d ] -12 ]
N2 —— 600 —T 200 2
500 5001 10y 1000 500 . — — 50 . -
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0 0 0 0 0 0 0 104 0 00— o0 ol=—T"=4g 0 0 0 1 1920
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K 80K
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Gupta et al., NMAK, ACL, 2023; Hira et al., NMAK, Al4Mat, NeurlPS, 2024




Data-driven modeling In glasses

wlulus, E (GPa)

Dataset from > Remove duplicate
glass database entries

(Glass dataset

Y

Final dataset ¢ Select

for training component Apply LARS

Glass selection charts for
t ~rational des1gn

-
‘v —
1 A -
Magrernbossm bolhar e |
iy olberdts L L R | N asndhr lariaty -
- 4 - 0 - - o ! A A

— L —
L : YO 130
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L_,

- { )
® O 4@ ._
( g
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Deep learning ®
A
[‘\-- ‘ k )
0
{/ : y N Yy
&> o=
Input Hidden layers

\ Populatlng thes

Output
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20 4
Measure
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Dataset visualization

. Network modifier Others
Network former Not present 5 & ; 8 9
B C N O F
Intermediates ‘Boron || Camon [ nNirogen || Oxygen || Forine
13 14 15 16 17
Al FSi| P | s | C
Aluminium || Silicon Phoaphoml Sultur Chiorine
22 23 24 25 26 27 28 .82 om _ 34 35
Ti \Y Cr | Mn | Fe | Co | Ni Ge | As | Se | Br
Titanium (| Vanadium | Chromium || Manganese Iron Cobalt Nickel ~ ||Germanium||  Arsenic || Selenium || Bromine
40 41 42 43 44 45 46 ‘ 50 51 52 53
Zr | Nb | Mo | Tc | Ru | Rh | Pd Sn | 8 Te I
Zirconium || Niobium Molybdenur" Technetium || Ruthenium || Rhodium || Palladium Tin Antimony |[ Tellurium || lodine
72 73 74 75 78 82 83
Hf Ta W Re Pt Pb Bi
um Halnium Tantalum Tungsten Rhenium Platinum Lead Bismuth
58 59 60 61 62 63 64 65 66 67 68 69 70 7
Ce Pr | Nd [ Pm | Sm | Eu | Gd | Tb | Dy | Ho Er | Tm | Yb | Lu
Cerium Praseodymi“ Neodymium|| Promethiumy| Samarium Europium || Gadolinium Terbium Dysprosium|( Holmium Erbium Thulium Ytterbium Lutetium
90 92 93 94 95
Th U Np | Pu | Am
Thorium Uranium || Neptunium || Plutonium || Americium

25 properties; 84 elements; 224 components; 350,000 glass compositions
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T
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Liquidus temperature

Softening point

Littleton point

Bhattoo et al., NMAK, Materials Horizons, 2020; Bhattoo et al., NMAK, Acta Materialia, 2023

Strain point
Annealing point

Crystallization temperature

Thermal conductivity

Thermal shock resistance

Density

Young's modulus

Hardness
Shear modulus

Bulk modulus

Compressive strength

Tensile strength
Refractive index

Abbe number

UV transmittance
Solar transmittance
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Electrical conductivity
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Material selection chart
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Home |/ Ceramic Tech Today / Basic science / Deep learning provides deep help—researc

Deep learning provides deep help—
researchers develop publicly available
software for rational design of oxide

glasses

ISRO: Glasses for space application
BRNS: Glasses for nuclear waste immobilization
Sisecam: Glasses for commercial applications

Battery electrolyte glasses

MN\ITIVIT

PPyGGI

Python tor Glass Genomics

ViV,

Python for Glass Genomics (PyGGi) is a package for accelerating innovations in the field of glasses and
ceramics. It uses state-of-the-art machine learning algorithms and computational techniques to enable the
users in designing novel glasses and understanding the composition-property relationships.

‘ Get Started

‘ About PyGGi ’

=

PyGGi Bank

Explore composition-
property database of
glasses collected from
literature

Overview

PyGGi Seer

Predict glass properties as
a function of the glass
composition

4

Packages

9

Properties

Sy

PyGGi Zen

Discover new glass
compositions based on
target properties and
compositional constraints

PyGGi Pictionary

Explore published works
and images from glass
literature

34

Oxide
Components

50000+

Glasses



http://pyggi.iitd.ac.in/
http://pyggi.iitd.ac.in/

N. TVE. MATTIVUUPD T C - V

Constraints for nuclear waste glass

Composition constraints: Property constraints:
a) SiO,+B,0; ~ 60-70% (wt) is preferred with a) Tg value =>550°C
Si0, > 45% (wt) with B,O5;> 10 wt% b) Density =2-3g/cm?
b) Na,O>15% wt c) Electrical conductivity = 50 S/ct
¢) Na,O/B,03 > 1, preferably 1.25 d) Viscosity> 50 poise at pouring temperature
d) ZnO ~2.5 - 10 wt% with a never exceed to e) Dissolution rate < 10~ to 10 g/cm?/day )
15% wt%

Density (glcm3)

Si0, + ZnO
Si0, +ZnO



Optimized glass compositions

*3Series of glasses obtained after compositional optimization
using machine learned model

ZnO TEC Thermal
Na,O | SiO, | B,O0; (mol%|(In[10-7 K-1 Conductivity  Density T, Viscosity
(mol%)/(mol%) (mol%) ) ]) (W/(m.K)) (g/cm3) (K) (poise)
21 52 18 9 101.90 0.77 2.62 808.87 2.6831
24 52 18 6 105.57 0.78 2.59 785.74 3.0581
27 52 18 3 114.34 0.77 2.51 776.94 3.5894
30 52 18 0 121.98 0.75 2.52 779.55 1.4328
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Glass preparation

Sample Name| Na,O Si0, | B,0, ZnO Temperature Time (h)

(°C)

NBSZ-9 21 52 18 9 0-300 3

NBSZ-6 24 52 18 6 300 4

NBSZ-3 27 52 18 3 300-800 5

NBSZ-0 30 52 18 0 800 4

800-1200 2

1200 1

!

NBSZ-9 NBSZ-6 NBSZ-3 NBSZ-0



Comparison between ML and experiments

Si0, | B,O; | Zn0O TEC Thermal Con | Density Density T,

Na,O( | (mol (mol% (mol | (In[10-7 K | ductivity (W/( predicted ( measured (| Tg measured
mol%) %) ) %) -11) m.K)) g/cm?) g/cm3) (K) (K)
21 52 18 9 101.90 0.77 2.62 2.61 809 803
24 52 18 6 105.57 0.78 2.59 2.60 786 806
27 52 18 3 114.34 0.77 2.51 2.56 777 793
30 52 18 0 121.98 0.75 2.52 2.52 780 785

How did we prepare these glasses?




Towards Automated Experiments
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Document
retriever

]

Docun

AFM handler

\_

ﬁ

----- Dynamic routing

Automated Atomic Force Microscopy

Can Agentic LLMs drive experiments?

User /4 B VEE_——
Interface

C b

Desktop

!

Code Image
executor optimizer

Single Instruction
Question

Set the 1image capture
parameters 1in the AFM
software as follows: Image
size: 100x10@ nm, Pgain
(Proportional gain): 100.

Static routing

AFM

Sample stage

Data handler Acoustic
enclosure
Image / AFM handler
analyzer agent

A

Multi-Instruction
Question

//’_'

Set file name to 'image-1'
and then capture a 600x600
nm 1image with Pgain=1600,
Igain=10.

\_

AFM handler

Data handler
tools agent tools

Data handler

Mathematical

( Reasoning Question

Capture an AFM image with a
size of 100x100 pm,
configuring the time/line
and total lines in settings

to ensure the scan
completes within 60
seconds.

|. Mandal et al., NMAK, Nat. Comm., 2025 (In Press)

Capture an AFM image of size 100x100 nm with
the filename '60_GPT-40'. Open the latest file
from the current folder and caiculate the
average friction and surface roughness.

AFM image capturing should be
performed by the AFM_Handler, and
the image after-processing should
be handled by the Data_Handler.
Given the tasks, the AFM_Handler
should act first to capture the image.

Tool Calls: Document_Retriever
query: code to set scan area to
100 nm x 100 nm

#imports
import nanosurf

#load application
spm = nanosurf.SPM() # or .C3000() or
.CX(), or .CoreAFM()

Tool Calls: Code_Executor
query: code: import nanosurf

# Load application

spm = nanosurf.SPM() # or .C3000() or
.CX(), or .CoreAFM()

application = spm.application

scan = application.Scan

# Set scan parameters for 100 nm x 100
nm

scan.ImageWidth = 100e-9 # [m)]
scan.ImageHeight = 100e-9 # [m]

code executed successfully @
L]
o
’ &
NEED HELP

Let's proceed with opening the latest file and
calculating the average friction and surface
roughness using the tools available. Il
perform these actions now.

Tool Calls: Image_Analyzer
Args: calculate_friction

Raw Image
C:\\..\\60_GPT-4001877.nid processed
successfully.

FINAL ANSWER: The AFM image
named '60_GPT-40' has been
successfully captured and analyzed.
The results are as follows:

- **Average Friction:** \(7.93 \times
10%{-5} \, \text{N}\)
- **Mean Roughness:** \(1.11 \times
107{-8} \, \text{m}\)
- **RMS Roughness:** \(1.32 \times
104{-8} \, \text{m}\)

Data handler @ Agents @ Tools

agent/tools



Automated Atomic Force Microscopy

Can LLMs drive experiments?
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Automated Atomic Force Microscopy
AFMBench

d Tool requirement Agent requirement b Operation type Tool requirement: Single tool Operation Type: Basis Tool requirement: Multiple tools Operation Type: Advanced
0 Agent requirement: Single agent Require: Analysis Agent requirement: Multiple agent Require: All
31.0% 44.0%
L] ® as.py . ® qs.py
== Single tool == Single agent Basic - N -
Multiple tools Multiple agents Advanced {"inputs": "Open the file 'Sample.nid', {"inputs": "Capture two AFM images of
extract the data corresponding to the Z- size $\\pu{100 nm} \\times \\pu{100
axis forward image, and calculate the nm}$ and $\\pu{S500 nm} \\times
maximum height of any object."} \pu{500 nm}$ in the same location and
69.0% 17.0% 56.0% : calculate their average friction and root
mean squared surface roughness."}
C d Documentation
Image analyzer tool —- 48 Analysis e e - — B—
Image optimizer tool { e 4
Document retriever too! -, ©¢ 14
Code executor tool - e 66 3
Data handler agent - o 52
AFM handler agent - e 66 10
0 10 20 30 40 50 60 70 80 Calculation

Number of questions

AFMBench: 100 different experiments; 5 challenging open-ended ones

|. Mandal et al., NMAK, Nat. Comm., 2025 (In Press)
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AlILA Performance

0.2V
d . - ) [ 1015

-0.10

-0.05

-0.00

Manual

-0.05
-0.10

-0.15

—10.2

-0.1

GPT-40

Automated Atomlc Force

the largest feature present. Capture a zoomed-in image of
this feature. Generate a horizontal line profile across the
image to analyze the thickness of the feature and save

the resulting line profile image as 'line_profile.png'. Based
on the measured thickness, determine the number of
graphene layers present in the feature. /

e Visualize the most recently saved AFM image and ldentnfy\

Open latest AFM scan Find features in image

‘O

Plot line profile Capture desired features

Morizoetal Line Molile Across Zoomed-in Feature
e [
.

The zoomed-in image of the largest feature has been successfully \

captured and analyzed. The horizontal line profile has been generated
and saved as 'line_profile.png'".

Analysis of the Feature
- Maximum Height Difference: The line profile reveals a maximum
height difference of approximately 1.61x10~7 meters (161 nm).

Determination of Graphene Layers
To estimate the number of graphene layers, consider that a single layer of
graphene has a thickness of approximately 0.34 nm. The thickness of the
detected feature is much larger than a single graphene layer, indicating
the presence of multiple layers:

161 nm

0.34 nm/layer

Number of Layers = ~ 473 layers

Summary
The measured vertical thickness of the largest feature corresponds to
approximately 473 layers of graphene.

\

=

ICrOSCOpY

Visualize the most recently saved experimental image and identify the indentation\
mark. Take a zoomed-in image centered on the indentation area. Generate a
horizontal line profile across the zoomed-in image to analyze its geometry and
depth and save the line profile image as 'line profile.png'. Based on the

indentation shape and the line profile, determine whether a Vickers or

conospherical indenter was used. ok
Open latest AFM scan Find features in image
? LAan - Scan lorwws  Raw axa 5 ’ «©
! [

Plot line profile Capture desired features

Morgonts Line Pofie

X S5 230
[ P

The task of generating the zoomed-in image and its horizontal line
profile has been successfully accomplished. The line profile image has
been saved as 'line_profile.png'. Now, let's analyze the line profile to
determine the type of indenter used.

1-__._1

E’

! Ll_l

Line Profile Analysis
1. Line Profile Characteristics:

- Geometry and Depth: The shape of the line profile shows a
symmetrical pattern with a sharp peak at the center. This suggests a
pyramidal shape typical of a Vickers indentation.

2. Indenter Type Determination:

- Vickers Indenter Characteristics:** It creates a diamond-shaped
indentation with a sharp peak and distinct edges when viewed as a line
profile.

- Conospherical Indenter Characteristics:** It creates a rounded
indentation with smooth slopes and no distinct peak.

Given the sharp peak and defined edges seen in the horizontal line
profile, it is more consistent with a Vickers indenter rather than a
conospherical indenter.

Final Verdict:

-Indenter Used: Based on the visual and line profile analysis, a
Vickers indenter was used for this indentation experiment.




Towards Industrial Scale
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Automation at Plant Level?

C eme nt mManu fa Ct u ri N g Cement making | I}' Limestone rock  Rough groun;l Iirjlestone Fine ground I..i.mestone

Dump truck

- Limestone quarry A

* Cement manufacturing: an
extremely complex process

Secondary
crusher

SN aly
CHay A S el o

* ~8% global CO, emissions /)

| Clay, limestone, and sand
/ Clinker

-

* Develop a digital twin for process 3%%. i P
optimization and quality control in &7/ (e AGS
collaboration 5 cement companies /#* ....

roun d th e g I O b e eat recycled ’ .

_—

Grinding

i i
i 7iit
mill ‘ |
ﬁ ; e
=1 ‘
.l o> . Ve -

Cement storage

\ “‘l".|'
“ssssensnsnsnsennns

Clinker cooler

C
Proportioning equipment and Shipping

finish grinding mill

Image Source: Encyclopaedia Britannica, Inc.



Model features

Alite (wt. %)
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- Test set

Frequency Time (years) Frequency Frequency

- Full dataset

Time (years)

Train set

* Input features include raw materials,
fuel, process parameters

-
-

Kiln Feed (KF)

!‘ \[
| | Process

parameters(PP\

Hot meal (HM)

\ Nlr A ;,

Preheater tower L

Clinker oxides
(CO)

. Clinker

* Goal: Clinker mineralogy

* Major challenge: Data cleaning and
alignment

" cooler '

- 99.99 percentile

2 1 M | M 1 " ] " 1 " 1 i 1 i 1 "
2020 2020 2020 2020 2020 2020 2021 2021
Feb Aprii June Aug Oct

1 A | i 1 L 1
2021 2021 2021 2021
Dec Feb Aprii June Aug Oct Dec

Time (Months) Frequency (x103)

05 1 15
Frequency (x1 03)




Predicted belite (wt. %) Predicted alite (wt. %)
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Accurately forecast clinker
compositions

Allows direct control of the plant for
optimization

Performs better than the models
employed in the plant
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S. Miret, NMAK, Nat. Mach. Intell., 2025; | Mandal, ... NMAK, Nat. Communications, 2025 (accepted);
NMAK, K. Jablonka, Nat. Rev. Chem. 2025 (In press)
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Machine Intelligence for Materials Science g Machine Intelligence for Materials Science
N. M. Anoop Krishnan - Hariprasad Kodamana - Ravinder Bhattoo "é- .
Machine Learning for Materials Discovery = ‘ A
Numerical Recipes and Practical Applications g '
o
Focusing on the fundamentals of machine learning, this book covers broad areas of 2 ‘ . a
data-driven modeling, ranging from simple regression to advanced machine learning v N s M o A n Oop Kr'Sh na n ~
and optimization methods for applications in materials modeling and discovery. The o =
book explains complex mathematical concepts in a lucid manner to ensure that read- = H a n p ra Sad KOda m a n a
ers from different materials domains are able to use these techniques successfully. A -3
unique feature of this book is its hands-on aspect—each method presented herein is =

Ravinder Bhattoo

Machine
Learning
for Materials
Discovery

Numerical Recipes |
and Practical Applications ‘

accompanied by a code that implements the method in open-source platforms such
as Python. This book is thus aimed at graduate students, researchers, and engineers to
enable the use of data-driven methods for understanding and accelerating the discovery
of novel materials.

15BN 978-3 031-&6621 -
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