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Multiscale modeling refers to a style of modeling in which multiple models at 
different scales are used simultaneously to describe a system. 

The different models usually focus on different scales of resolution. 

They sometimes originate from physical laws of different nature, for example, one 
from continuum mechanics and one from molecular dynamics. In this case, one 
speaks of multi-physics modeling even though the terminology might not be fully 
accurate.

Multiscale modeling
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The need for multiscale modeling comes usually from the fact that the 
available macroscale models are not accurate enough, and the microscale 
models are not efficient enough and/or offer too much information. 

By combining both viewpoints, one hopes to arrive at a reasonable 
compromise between accuracy and efficiency.

Multiscale modeling
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The subject of multiscale modeling consists of three closely related components: 
multiscale analysis,
multiscale models and 
multiscale algorithms. 

Multiscale analysis tools allow us to understand the relation between models at 
different scales of resolutions. 

Multiscale models allow us to formulate models that couple together models at 
different scales. 

Multiscale algorithms allow us to use multiscale ideas to design computational 
algorithms.

Multiscale modeling

http://www.scholarpedia.org/article/Algorithm
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Wear and friction

da Vinci’s three notable observations that preceded the devel-
opment of the laws of friction were uncovered: (1) Friction is
independent of apparent contact area, (2) the resistance of
friction is directly proportional to applied load, and (3) friction
has a consistent value of µ= 0.25. 

Experiments, performed roughly 500 years later, reproduced
Leonardo da Vinci’s findings of friction coefficients with wood
of l = 0.25, but only under condi- tions of roughly cut and
brusquely squared samples of dry wood that were handled and
sullied by hand in a fashion typical of wood working but
inconsistent with the modern laboratory practice. 

Tribol Lett (2014) 56:509–515 DOI 10.1007/s11249-014-0428-7 
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Tribol Lett (2014) 56:509–515 DOI 10.1007/s11249-014-0428-7 
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(UETZ; FÖHL, 1978)



PMR 5251

Izabel Machado – machadoi@usp.br 11

Tribological modeling methods

https://doi.org/10.1016/j.triboint.2018.02.005 

Analytical methods

Contact mechanics

Starting from the mechanics of
nominally smooth contact
problems, the Hertzian theory, 
which solves the problem of two
non-conformal elastic bodies
being subjected to frictionless
contact



PMR 5251

Izabel Machado – machadoi@usp.br 12

Contact
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Statistical theories of multiple asperity contact
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Statistical theories of multiple asperity contact

The GW and subsequent multi-asperity models are based on the following assumptions: 1) the
effective rough surface (a superposition of two rough profiles or surfaces) can be represented by an
ensemble of asperities (surface summits), characterized by the vertical coordinate of the tip and its 
curvature(s); 2) these characteristics are known in the statistical sense, for example, via the
probability density of the asperities' vertical position; 3) the relation between penetration, force and
the contact area follows the Hertzian theory of contact; 4) the asperities of the effective rough
surfaces coming into contact are separated in the plane by distances at which their mutual influence
can be neglected. In the original GW, all asperities are approximated as parabolic with the same
curvature radius, and an arbi- trary height distribution is assumed, contrary to numerous references
in the literature erroneously stating that the GW model is based on Gaussian distribution of asperity
heights: both Gaussian and exponential tails are 
considered in the original paper.

https://doi.org/10.1016/j.triboint.2018.02.005 
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The theory of Greenwood and Williamson was derived for purely elastic
contact, but it does allow the onset of plastic flow at asperities to be
predicted. It is found that the proportion of asperity contacts at which
plastic flow has occurred depends on the value of a plasticity index, ψ, 
given by

where H is the indentation hardness of the softer
surface (a measure of the plastic flow stress of the
asperities) and (σ*/r)1/2 is the standard deviation of
the distribution of asperity heights. The quantity is
approximately equal to the average slope of the
asperities, which can be estimated from profilometric
data. 
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Tribological modeling methods

https://doi.org/10.1016/j.triboint.2018.02.005 

Analytical methods

Contact mechanics

Starting from the mechanics of
nominally smooth contact
problems, the Hertzian theory, 
which solves the problem of two
non-conformal elastic bodies
being subjected to frictionless
contact
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Below the surface, tractional loads result in an increase in the
value of the maximum shear stress, and a movement of the
position of the maximum shear stress off the axis of normal 
loading and closer to the surface as shown in Fig. 2.9 for a line
contact, which compares the stress distributions (a) with
normal loading only and (b) with additional traction. 
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GEAR project – From lab to vehicle EFFICIENCY and DURABILITY
Local determination of lubrication - Tooth gear

Experimental tests: Mechanical losses due to friction in lubricated contact 
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Durability – Wear
Surface damage analysis

Examples of Gear Wear Results after Back-to-Back (FZG) tests

Scuffing – Sliding Abrasion marks  suggesting  scuffing 
failure mode.

Pitting - 3D  profile of detachment on contact region
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Microstructure

https://www.researchgate.net/figure/D-image-of-rolling-
contact-fatigue-cracks-light-blue-around-inclusions-yellow-
and_fig2_337841824
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Microstructure
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EFFICIENCY and DURABILITY
Local determination of lubrication - Tooth gear MODELING 

Low engine rotation

High engine rotation

LUBRICATION REGIMES IN GEAR CONTACT

SLIDE-TO-ROLL RATIO VARIATION

Laboratory tests and numerical simulation (TRIBOCode and T.E.S.T) 
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Local determination of lubrication - Tooth gear

Experimental tests: Mechanical losses due to friction in lubricated contact 
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Stress Analysis to Improve Pitting Resistance in Gear Teeth

Newton K.Fukumasu Guilherme A.A.Machado Roberto M.Souza Izabel F.Machado
https://doi.org/10.1016/j.procir.2016.02.349

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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Friction evaluation during contact – manual transmission

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 



PMR 5251

Izabel Machado – machadoi@usp.br 35https://doi.org/10.1016/j.triboint.2018.02.005 



PMR 5251

Izabel Machado – machadoi@usp.br 36

Indentation size effect (ISE) 

http://yadda.icm.edu.pl/baztech/element/bwmeta1.element.b
aztech-44573344-bfa8-42f6-af6d-
a63081723649/c/Petrik_on_the_AMM_4_2016.pdf

If a very low load is used, the measured micro-hardness is usually high; with an increase in test load it 

decreases. Such a phenomenon is referred to as “normal” ISE. It may be caused by the testing equipment or

by intrinsic structural factors of the material: work hardening during indentation, load to initiate plastic
deformation, elastic resistance and mixed elastic/plastic deformation response of material, the effect of
indenter/specimen friction resistance, the effect of machining-induced residually stressed measured
surface]. In the literature, there are many examples of “normal” ISE occurrence in brittle materials
including glass. 
In contrast to “normal“ ISE, a reverse (inverse) ISE (RISE), where the micro-hardness increases with
increasing load, is also known. It essentially takes place in materials in which plastic deformation is
predominant. 
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Indentation size effect (ISE) 
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Tensões Residuais.

As tensões residuais resultam de deformações permanentes não uniformes na seção
resistente de uma peça ou estrutura. As tensões residuais são tensões, que atuam num
componente ou estrutura na ausência de esforços externos, sejam cargas mecânicas,
esforços resultantes de gradientes de temperatura e etc. Se as tensões residuais
ultrapassarem o limite de escoamento no local onde atuam, elas causaram um colapso
plástico .
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Elementos Finitos
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Elementos Finitos
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FEM Macroscale
➢ PART 1:

Workpiece - 3D – Deformable – Solid

20 x 20 x 200 m³

Roller - 3D – Discrete Rigid – Solid – Extrusion

∅ 100 𝑚
Depth = 45 m

Create Reference Point (Tools).

➢ PROPERTIES:
Workpiece - Steel

Plastic:

Yield Stress Plastic Strain

380e6 0

420e6 0.04

470e6 0.12

500e6 0.19

530e6 0.25

➢ PROPERTIES:
Workpiece - Steel

Elastic: E = 200 GPa;
𝜈 = 0.3;

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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FEM Macroscale➢ ASSEMBLY:

Rotate and Translate
the Workpiece

➢ INTERACTION:
Surface-to-surface;

Penalty: COF = 0.3;

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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FEM Macroscale
➢ LOAD:
Workpiece

Pre-defined field (V1 = - 70 m/s);
ZSymm;
YSymm.

RP – Roller:

Initial Step - U1 = U2 = U3 = UR1 = UR2 = 0
Step -1: VR3 = -5 rad/s

➢ MESH:

Workpiece: Hex (C3DR8) – Global Size: 3;

Roller: R3D4 – Global Size: 3;

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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FEM Macroscale

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 



PMR 5251

45Izabel Machado – machadoi@usp.br

CAD, Parameters, MICROSTRUCTURE 

X-Ray Tomography : resolution, densities of phases

FEM Microescale

https://commons.wikimedia.org/wiki/File:Micro_CT_analysis_o
f_Ti2AlC_and_Al_composite.gif

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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CAD, Parameters, MICROSTRUCTURE

Softwares

FEM Microescale

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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CAD, Parameters,  MICROSTRUCTURE

FIB - EBDS 

FEM Microescale

https://www.osti.gov/servlets/purl/1358236

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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CAD, Parameters, MICROSTRUCTURE

Softwares

FEM Microescale

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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Meyers and Chawla, Mechanical behavior of Materials , 2009
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Mechanical and Tribological (Micro) Behavior Assessment
using Finite Element Method Tools 



2D Analysis: Stresses at the microstructural level - ABAQUS +  ppm2oof (NIST, 
USA)

50

 

[N.K. Fukumasu et al. Wear 2005]

Scales - FEM

roberto.souza@poli.usp.br
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Finite element analysis of the effects of thermo-mechanical T
loadings on a tool steel microstructure

V. Seriacopi⁎, N.K. Fukumasu, R.M. Souza, I.F. Machado, Engineering Failure Analysis , https://doi.org/10.1016/j.engfailanal.2019.01.006 
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Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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Finite element analysis of the effects of thermo-mechanical loadings on a tool steel
microstructure

V. Seriacopi⁎, N.K. Fukumasu, R.M. Souza, I.F. Machado, Engineering Failure Analysis , https://doi.org/10.1016/j.engfailanal.2019.01.006 

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 



PMR 5251

53Izabel Machado – machadoi@usp.br

Experimental and numerical analysis of dry contact in the pin on disc test

E.M. Bortoleto, A.C. Rovani, V. Seriacopi, F.J. Profito, D.C. Zachariadis, I.F. Machado, A. Sinatora, R.M. Souza,  WEAR. 
http://dx.doi.org/10.1016/j.wear.2012.12.005 

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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Experimental and numerical analysis of dry contact in the pin on disc test

E.M. Bortoleto, A.C. Rovani, V. Seriacopi, F.J. Profito, D.C. Zachariadis, I.F. Machado, A. Sinatora, R.M. Souza,  WEAR. 
http://dx.doi.org/10.1016/j.wear.2012.12.005 

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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Numerical Model of Machining Considering the Effect of MnS Inclusions in an
Austenitic Stainless Steel

G.M.P.Chagas I.F.Machado
https://doi.org/10.1016/j.procir.2015.04.093

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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Homogeneous material

Phenomena – Abrasion, 2D 
analysis 

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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Analysis of abrasion mechanisms in the AISI 303 stainless steel: Effect of

deformed layer
V. Seriacopi, N. K. Fukumasu, R. M. Souza, I. F. Machado 

10.1016/j.procir.2016.02.326

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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Vanessa Seriacopi. Evaluation of abrasive mechanisms in metallic alloys during scratch tests: a 
numerical-experimental study in micro-scale. 2017. 

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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Vanessa Seriacopi. Evaluation of abrasive mechanisms in metallic alloys during scratch tests: a 
numerical-experimental study in micro-scale. 2017. 

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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(MURRAY; MUTTON; WATSON, 1979)

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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Study of angular cutting conditions using multiple scratch tests onto low
T carbon steel: An experimental-numerical approach 

V. Seriacopi, S. Mezghani, S. Crequy, I.F. Machado, M. El Mansori, R.M. Souza,  Wear
https://doi.org/10.1016/j.wear.2019.01.101 
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Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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Study of angular cutting conditions using multiple scratch tests onto low
T carbon steel: An experimental-numerical approach 

V. Seriacopi, S. Mezghani, S. Crequy, I.F. Machado, M. El Mansori, R.M. Souza,  Wear
https://doi.org/10.1016/j.wear.2019.01.101 
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Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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Numerical analyses of stress induced damage during a reciprocating lubricated test
of FeCMo SPS sintered alloy

N.K.Fukumasu, G.Boidi, V.Seriacopi, G.A.A.Machado, R.M.Souza,  I.F.Machado, Tribology International

https://doi.org/10.1016/j.triboint.2016.12.025 

63Izabel Machado – machadoi@usp.br

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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Numerical analyses of stress induced damage during a reciprocating lubricated test
of FeCMo SPS sintered alloy

N.K.Fukumasu, G.Boidi, V.Seriacopi, G.A.A.Machado, R.M.Souza,  I.F.Machado, Tribology International

https://doi.org/10.1016/j.triboint.2016.12.025 

64Izabel Machado – machadoi@usp.br

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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Numerical analyses of stress induced damage during a reciprocating lubricated test
of FeCMo SPS sintered alloy

N.K.Fukumasu, G.Boidi, V.Seriacopi, G.A.A.Machado, R.M.Souza,  I.F.Machado, Tribology International

https://doi.org/10.1016/j.triboint.2016.12.025 

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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Numerical analyses of stress induced damage during a reciprocating lubricated test
of FeCMo SPS sintered alloy

N.K.Fukumasu, G.Boidi, V.Seriacopi, G.A.A.Machado, R.M.Souza,  I.F.Machado, Tribology International

https://doi.org/10.1016/j.triboint.2016.12.025 

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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Numerical analyses of stress induced damage during a reciprocating lubricated test
of FeCMo SPS sintered alloy

N.K.Fukumasu, G.Boidi, V.Seriacopi, G.A.A.Machado, R.M.Souza,  I.F.Machado, Tribology International

https://doi.org/10.1016/j.triboint.2016.12.025 

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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Influence of Sintering Parameters on Micro-Scale Mechanical and 
Tribological Behavior of Niobium Carbides

N.K. Fukumasu, A.J.O.Tertuliano, C.F. Bernardes, V. Seriacopi, R.M. Souza, I.F. Machado 
Plansee Seminar - 2017

Motivation: Previous studies to evaluate the mechanical properties and influence on wear of NbC
on the AISI H13 steel with 5% volume fraction of NbC –, design of materials and multiscale analysis -
evaluate bulk properties

Triboindenter Hysitron - TI950 
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Influence of Sintering Parameters on Micro-Scale Mechanical and 
Tribological Behavior of Niobium Carbides

N.K. Fukumasu, A.J.O.Tertuliano, C.F. Bernardes, V. Seriacopi, R.M. Souza, I.F. Machado 
Plansee Seminar - 2017

Motivation: Previous studies to evaluate the mechanical properties and influence on wear of NbC
on the AISI H13 steel with 5% volume fraction of NbC –, design of materials and multiscale analysis -
evaluate bulk properties

Pressure applied during the consolidation was 60MPa of maximum 
pressure, vacuum range was between 10 and 15 Pa, the average 
heating rate was 50oC/min, The temperature reached was 1600oC 
and the holding time 

Sample Holding time

(min)

Cooling

NbC95 5 Free cooling in the die

NbC97 10 Free cooling in the  die

NbC99 10 100oC/min from 1600oC to 1100oC and free cooling in the 
die.

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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Influence of Sintering Parameters on Micro-Scale Mechanical and 
Tribological Behavior of Niobium Carbides

N.K. Fukumasu, A.J.O.Tertuliano, C.F. Bernardes, V. Seriacopi, R.M. Souza, I.F. Machado 
Plansee Seminar - 2017

Wear tests

• Procedure and details of this method development and description can be found elsewhere [E. Broitman,
Francisco J. Flores-Ruiz, Journal of Vacuum Science & Technology [A 33], 043201 (2015)

• Wear tests were conducted in different grains after EBDS analysis. Indentation marks were made previously to
identify the grains scanned.

Finite element method simulation

• The Finite Element Method (FEM), using the Abaqus® commercial package, is used to build a 3D

• The numerical simulations have focused on the influence of mechanical and failure properties on the wear
behavior of the NbC. An explicit time integration

• Rigid cono-spherical indenter with tip diameter of 10 m, which is in contact with a square counterbody with
30 m in length, 30 m in width and 5 m in height. (likewise the experimental tests)

• Fracture toughness was selected as 5 MPa m0.5, based on the literature that indicates a variation from 2 to 8
MPa m0.5

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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Influence of Sintering Parameters on Micro-Scale Mechanical and 
Tribological Behavior of Niobium Carbides

N.K. Fukumasu, A.J.O.Tertuliano, C.F. Bernardes, V. Seriacopi, R.M. Souza, I.F. Machado 
Plansee Seminar - 2017

Table displays the values of hardness (H), reduced elastic 

modulus (Er), elastic modulus (E), and the ratio between 

E and H . Different E porous NbC

Sample H (GPa) Er (GPa) E (GPa) E/H

NbC95 21.9 ± 1.7 299.7 ± 5.4 388 17.7

NbC97 24.1 ± 1.3 362.1 ± 4.0 506 20.1

NbC99 23.7 ± 2.1 356.2 ± 2.0 494 20.8

Wear
Blue -> analyzed region

Red -> whole curve

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 
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Influence of Sintering Parameters on Micro-Scale Mechanical and 
Tribological Behavior of Niobium Carbides

N.K. Fukumasu, A.J.O.Tertuliano, C.F. Bernardes, V. Seriacopi, R.M. Souza, I.F. Machado 
Plansee Seminar - 2017

Wear
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Local transformation of amorphous hydrogenated carbon coating induced by high 
contact pressure
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The coating and the interlayer were deposited using a pulsed Direct Current Plasma Enhanced Chemical Vapor Deposition (DC PECVD)

Under dry sliding condition, DLC coated systems may present a reduction of friction force based on the graphitization of the contacting surfaces, as
observed by Liu et al. [9]. This phenomenon is related to the re- arrangement of the sp3 and sp2 carbon bonds by energy transferred from the
mechanical movement to chemical bond kinetics.
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Scratch test on coated systems –
sequence of stress states

[Holmberg et al. Wear  
267 (2009) 2142–2156]
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Numerical simulation indicates high 
contact pressure (>12GPa) developed
at the surface and high internal
stresses, ranging from 20 GPa to 12 
GPa, are developed along coating
thickness. The increase on indentation
hardness inside the scrat- ched region
are compatible with the nucleation of
sp3 carbon bond sites derived from
sp2 bonds.
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• Attempts to analyze the effect of hardness - defects

• Indentation and sliding in previously deformed aluminum slab

76

Scales – Molecular Dynamics

[Bortoleto et al., Tribology International 82 (2015) 311-318]
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• Interaction of contact 
loads with defects in 
the structure of the 
aluminum slab –
crystal structures

77

Scales – Molecular Dynamics

[Bortoleto et al., Tribology International 82 (2015)]
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Real time monitoring and control of friction stir welding process
using multiple sensors

https://doi.org/10.1016/j.cirpj.2020.03.004 

FSW  - Friction Stir Welding

Um novo esquema de monitoramento e controle remoto e em tempo real
baseado em nuvem foi desenvolvido para um processo de fabricação denominado
soldagem por fricção e agitação (FSW) para evitar a ocorrência de defeitos de solda.
Este modelo adquire dados de vários sensores associados à máquina FSW e os
transmite para a nuvem. Os sinais são analisados ​​e processados ​​na nuvem em tempo
real por meio de várias técnicas de processamento de sinais e aprendizado de
máquina. O modelo fornece um feedback para a máquina em relação aos parâmetros
controlados desejados para obter uma qualidade de solda aprimorada. Este é um
exemplo da Indústria 4.0 onde um processo de manufatura pode ser controlado em
tempo real de qualquer local.
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Dados de força e o torque são adquiridos usando uma célula de carga pré-instalada na
máquina FSW, e o sensor de potência foi conectado externamente e integrado uma interface.

A taxa de aquisição de dados dos sensores de força e torque é de 10 Hz. Para haver
sincronização entre as informações adquiridas usando sensores de força, torque e potência,
os dados do sensor de potência também foram adquiridos a uma taxa de 10 Hz usando um
cartão de aquisição de dados (NI 6211).

Um multiplexador 4: 1 controlado por tempo é criado na GUI com entradas como: valor do
marcador, força, torque e dados de potência, e a saída deste multiplexador é conectada como
entrada para o bloco de gravação TCP. O marcador é enviado como uma indicação antes da
chegada de cada lote de dados. Todo o processo de soldagem foi monitorado remotamente.
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Conclusões

Uma nova técnica para monitoramento e controle remoto e em tempo real
do processo FSW usando vários sensores foi apresentada neste artigo.

A técnica envolve computação em nuvem, o que torna o processo de
controle mais eficiente, confiável e econômico.

Vários sensores foram utilizados e os resultados foram avaliados de forma
única ou em conjunto. No futuro, outros sensores, como temperatura e
vibração, podem ser considerados para extrair mais informações para
controlar ainda mais o processo de soldagem FSW



PMR 5251

88Izabel Machado - machadoi@usp.br

Acknowledgments 

Dr Newton Kiyoshi Fukumasu

Dr Vanessa Seriacopi

Prof. Roberto Martins de Souza

LFS - USP

CAPES, CNPq, FAPESP, Petrobras and Gerdau and  BNDES (FUNTEC)

UC Davis - Prof. Castro  

Mechanical and Tribological (Micro) Behavior Assessment using Finite Element Method Tools 


