
How nanoindentation tests can help to better 

understand chemo-mechanical phenomena 

involved in dry grinding

S. BEC1, M. SKRZYPCZAK1, C. GUERRET-PIECOURT1, J.-L. LOUBET1, M. GUILLOT2, O. GUERRET2

1 : Ecole Centrale de Lyon ïLaboratoire de Tribologie et Dynamique des Systèmes ïUMR 5513 CNRS/ECL/ENISE, 

69134 Ecully, France

2 : COATEX SAS, 35 rue Ampère, 69730 Genay, France

ELyT lab Workshop
Sendai, Japan



2

Use of ground calcium carbonate (CaCO3)

White pigment / filler

Painting Plastics Paper

Fresh Material

Feed size: < 4 mm

Grinding additive (500-2000 ppm)

Final powder granulometries:

d50 = 1-10 µm

Recycling

Ball mill
Selector

Desired size

Context

Marble quarry (Carrara, Italy)

Improve significantly 

grinding efficiency in 

dry grinding process

for small particles

Grinding process
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ÅCracking

ÅAdhesion

ÅRole of additives on flowability, on 

reagglomeration of small particles, 

on surface energy, on surface 

mechanical properties, é

Context

Understanding local 

mechanisms

Optimisation of process 

parameters and process modelling

ÅType, size, rotation speed of ball-mill

ÅNature, form, density of balls

ÅRatio of ground materials vs balls

ÅSelection

Åé

ÅModelling to predict particle size distribution 

depending on process parameters

Drastic increase of energy consumption with decreasing particle size

Process with low energetic efficiency

è1 à 5% depending of calculations

2 complementary approaches

to improve process efficiency
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Materials

Calcium carbonate (CaCO3)

Carrara marble (Italy)

Crystalline form = calcite
Polycrystal, mean grain size º200 µm

Single crystal

EBSD observation 

Tested additives

Polyethylene glycol (PEG600)

O OHOH
n

 

Monopropylene glycol (MPG)

OH

OH

Glycerol

OH

OH OH

Used in industrial process

H2O

Water
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Outline

IV. Surface hardness modification due to additives

III. Cyclic nanoindentation (fatigue)

I. Principle of nanoindentation tests

II. Ductile / brittle transition and breakage critical size

1. Principle of tests 

2. Influence of fatigue on mechanical resistance of CaCO3

3. Evolution of breakage critical size of CaCO3 versus fatigue

1. Notion of breakage critical size

2. Determination of breakage critical size for CaCO3

1. Results obtained with the tested grinding additive

2. Specific procedure designed to detect slight surface hardness variation 

3. Correlation between surface hardness change and grindability
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Quasi-static indentation
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Penetration depth, h (nm)

hR

hR = residual depth (after unloading)

hR

hT

hT = total penetration depth

hThP

S

hP = contact depth (under load)

S = slope of unloading curve (at P max) = normal stiffness
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S

S = DP/Dh 

hh

P

hP

S
C

A
B

timeA

h B

C

Continuous plastic penetration depth hP: hP = h - P/S

Hardness: H = P/A where A is the contact area (function of the plastic depth, the tip 

defect and possible pile-up aroud the indent)

Reduced Youngôs modulus: E* = S/2a where a is the contact radius defined by 

A=pa²
(a correction is made to account for the indenter stiffness)

Measurement of the quasi-static applied load 

(P) versus total depth (h)

Measurement of the dynamic normal stiffness 

(S) versus total depth (h)

During the nanoindentation test, a small vibration (1 nm amplitude, 32 Hz) 

is superimposed to the quasi-static imposed loading

Dynamic indentation ïCSM method
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Experimental details

Displacement resolution: < 0.001 nm

Load resolution: < 1 nN

Integrated optical microscope

A: Sample

B: Indentation column

C: Loading system (coil)

D: Indenter support springs

E: Capacitive displacement sensor

F: Frame

Schematic of the device

ÅContinuous Stiffness Measurement method (rh=1 nm ; w=32 Hz)

ÅMax. load: 10 mN

ÅConstant strain rate with P/P = 0.1 s-1

ÅBerkovich tip (115,12 b̄etween edges) 

ÅAmbient temperature

·
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Test conditions
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Ductile / brittle transition and breakage critical size
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Competition between fracture and plastic deformation

(particle of characteristic size a)

Energy needed for 

new surface creation

Ws =

Energy threshold  for 

plastic deformation

WP =

Plastic deformation becomes 

energetically favorable when:
a < = acrit

G  = Griffith breakage energy (J.m-2) 

ůp = Yield stress (GPa)

E   = Young modulus (GPa)

Breakage critical size

acrit = Particle size under which the particle does not break 

when receiving a single shock but deforms plastically

Particle sizeacrit

Deformation
Deformation +

Fracture
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Determination of the critical size 

2/32c

P
KIca

2c

d
2

)2(² A

P

d

P
H =a

2c

d

Vickers indentation

Vickers indentation on a CaCO3

monocrystal (load = 500 mN)

Cracks

Intersection     acrit

H = Hardness (GPa),

P = Applied load (N)

KIc = Toughness (MPa.m1/2),

A = Contact area (m²)  d   = diagonal length (m) Ĕ plastic deformation

2c = crack length (m) Ĕ crack resistance
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acritå 1,9 Õm

Pcritå 4 mN
From extrapolation of Vickers measurements: 
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Plastic 

deformation

Cracks

Critical size of CaCO3ïVickers indentation 
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M. Skrzypczak et al., J. Eur. Ceram. Soc., 2009, 29, 1021-1028
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With extrapolated Pcrit = 4 mN Ą acrit = 1,7 µm 
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Nanoindentation permits to investigate critical size of ductile / brittle transition for CaCO3

Critical size of CaCO3ïNanoindentation
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Low load cyclic nanoindentation (fatigue)

In the ball-mill, particles are submitted 

to a large number of shocks
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Detection of cracking : increase of penetration > 20 nm between 2 successive cycles

Partial unloading to maintain a permanent tip ïsample contact

0 10 20 30
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Test on Carrara marble (CaCO3)

Pmax = 2,5 mN (< Pcrit)

Constant loading/unloading speed = 2,5 mN.s-1

Crack
New cracks

Small increase of 
penetration depth

First 

loading

Pmax

Pcrit
ȹhrô ~ 120 nm > 

20 nm

Principle of cyclic nanoindentation

With cyclic loading, cracking can occur at loads lower than Pcrit
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Evolution of critical size with fatigue

26

Critical size for CaCO3º1,7 µm

Corresponds to observed industrial limit

Sensitive to fatigue (energetic consumption)

Importance of mechanical properties

Ductile / brittle threshold:

1 indent (4 mN) = 1.7 µm

26 successive indents

(2 mN) = 1.2 µm

Brittle zone

Ductile zone

Brittle zone (cracks 

appear after fatigue 

process) 

Ductile zone (in the 

tested conditions)
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Surface hardness modification due to additives
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Test procedure

1. Determination of the mean surface 

hardness value from a 7 x 7 indent 

array on neat CaCO3

2. Exposure to additive (12h), 

then gentle wiping

3. Determination of the mean surface 

hardness value from a second 7 x 7 indent 

array, inserted in the first one

7 x 7 indent array on a CaCO 3 single crystal 
Load = 10 mN

French patent FR2936055, March 2010
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Surface hardness modification ïResults (1)
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3.8
CaCO3 single crystal

Average hardness

Standard deviation

Single crystal vs polycrystal

Ĕsignificantly lower scattering

First results on untreated CaCO3

2 arrays of indents on the same single crystal

Ĕno effect of the 1st array on the 2nd one
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Standard deviation array 1

Average hardness array 2

Standard deviation array 2

CaCO3 single crystal, 2 arrays
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Surface hardness modification ïResults (2)
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Standard deviation CaCO3 + water
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Standard deviation neat CaCO3
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Average hardness CaCO3 + PEG600

Standard deviation CaCO3 + PEG600

Average hardness neat CaCO3

Standard deviation neat CaCO3

PEG600

Softening effect of water

(already known for minerals)

ȹH/H å -12% at 100 nm

Softening effect of PEG600

ȹH/H å -10% at 100 nm

Very small overlap of the deviation curves Ĕ the observed difference is significant
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Surface hardness modification ïResults (3)
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Average hardness CaCO3 + glycerol

Standard deviation CaCO3 + glycerol

Average hardness neat CaCO3

Standard deviation neat CaCO3

Glycerol

Hardening effect of MPG

ȹH/H å +10% at 100 nm

Hardening effect of glycerol

ȹH/H å +17% at 100 nm

No overlap of the deviation curves Ĕ the observed difference is significant
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Summary

100 150 200 250 300 350
-20

-10
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Contact depth (nm)
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%

)

CaCO3 + glycerol

CaCO3 + MPG

CaCO3 + PEG600

CaCO3 + water

neat CaCO3

The tested additives induce significant changes in the surface hardness of CaCO3

- Softening for PEG600 and water

- Hardening for MPG (best industrial grinding additive) and glycerol
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Confrontation with grinding experiments

Steel cylpebs

Diameter: 15 mm

Pre-ground CaCO3 + additiveOverview of the device 

(quantity: 1,2 kg CaCO3)

Permits laboratory simulation of CaCO3 grinding

ÅSame trends as industrial grinding 

ÅShort duration experiments, small quantity of materials

ÅÍ grinding conditions compared to industrial process (T ,̄ energyé) 

ÅNo selection

Advantages

Drawbacks

Jar mill

Diameter: 25 cm

Jar

Roller

Test conditions

ÅMaterial = pre-groung CaCO3 (<1 mm) + 0.1 wt. % additive

ÅTest duration = 90 minutes 

ÅSize particle distribution determined using a Malvern Mastersizer 2000 every 15 minutes

Experimental details
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Grinding experiments ïGrinding function

Calculation of a 

grinding function S

CaCO3 + MPG

Particle size (µm)

S represents the grinding 

kinetics = grinding speed to 

obtain a given size
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Evolution of granulometry versus grinding duration permits 

to estimate additive efficiency

Grinding

duration

The grinding function S characterises the 

ability of an additive to improve size reduction

High value of S Ú high additive efficiency

H. Berthiaux PhD thesis, 1994, Nancy
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