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Tribologia:	
  a	
  
ciência	
  do	
  atrito	
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•  “The	
  science	
  and	
  technology	
  of	
  interac8ng	
  surfaces	
  in	
  rela8ve	
  
mo8on	
  and	
  of	
  associated	
  subjects	
  and	
  prac8ces.”	
  (Peter	
  Jost,	
  1966);	
  

Mate,	
  C.	
  M.	
  Tribology	
  on	
  the	
  small	
  scale.	
  Oxford	
  
University	
  Press,	
  2008.	
  

•  Leis	
  de	
  Amontons:	
  
–  Força	
  de	
  atrito	
  œ	
  força	
  normal	
  
–  Independente	
  da	
  área	
  de	
  contato	
  aparente	
  

•  Adesão:	
  
–  	
  forças	
  de	
  van	
  der	
  Waals	
  



SuperQcies	
  sob	
  regimes	
  de	
  
	
  atrito	
  

•  Tales	
  de	
  Mileto:	
  “...todas	
  as	
  coisas	
  estão	
  cheias	
  de	
  
deuses...”	
  	
  
	
  Iversen	
  P,	
  Lacks	
  DJ.	
  A	
  life	
  of	
  its	
  own:	
  The	
  tenuous	
  connec1on	
  between	
  Thales	
  of	
  Miletus	
  and	
  the	
  
study	
  of	
  electrosta1c	
  charging,	
  J.	
  Electrostat.	
  70,	
  309-­‐311	
  (2012).	
  	
  

is altered, and loose wear particles are generated. All these
seemingly random and complex phenomena follow a certain
order and satisfy the laws of nature, as explained by Suh [3].
Not only such variables as sliding velocity, normal load,
material hardness, but also the environment of hydrocarbons
under boundary lubrication conditions [4,5], are correlated
with triboemission charge intensities. According to
Nakayama and Hashimoto [5], triboemission of both
negatively and positively charged particles was measured
during the scratching of various metals, ceramics, and
polymers under boundary lubrication conditions with
saturated hydrocarbons.

Presently, the triboemission process should be considered
along with micro-triboplasma, recently discovered by
Nakayama and Nevshupa [6], because it is mostly composed
of UV photons and exoelectrons. According to the most
recent Nevshupa’s paper [7], mechanoemission is an
ensemble of emission phenomena resulting frommechanical
action between solids. Study of mechanoemission is an
intricate problem since it includes a multitude of mechanical
actions and a multitude of emission phenomena of various
physical natures, which may vary depending on the ambient
conditions and type of materials. Mechanoemission strictly
relates tomechanochemistry defined as a branch of chemistry
dealing with the chemical and physicochemical changes of
substances of all states of aggregation due to the influence of
mechanical energy [8]. Historically, the termmechanochem-
istry was coined by Ostwald for this field of research and the
mechanoemission has been a subject of physics and
chemistry, while studies were focused especially on the
electromagnetic aspects, i.e. emission of electrons, ions and
electromagnetic radiation. Many experimental and theore-
tical studies of the mechanoemission have been done with
disperse systems using milling of materials, peeling out of
adhesive films as well as with plastically deformed and
fractured materials like polymers, ionic and covalent
crystals, etc. According to [7], the following main types of
triboemission phenomena can be distinguished:

(i) emission of gas atoms and molecules including
emission of radicals and molecular clusters,

(ii) emission of electromagnetic radiation,
(iii) emission of electrons,
(iv) emission of ions,
(v) emission of magnetic field,
(vi) emission of electric field including emission of electric

charges and generation of tribocurrents,
(vii) emission of noise, vibration and acoustic emission

(AE),
(viii) emission of heat.

These emission types are shown in Fig. 1. Emission of
gas atoms and molecules at friction results from the
competition gas release and gas adsorption processes.
When at certain sliding conditions, the rate of gas
adsorption exceeds the rate of gas release, total emission

rate becomes negative. Such emission of negative rate has
been called ‘anti-emission’.

By physical nature, triboemission phenomena are
classified into two classes: (1) emission of particles
(‘corpuscular’), and (2) emission of energy (Fig. 2). The
particle emission includes neutral particles (atoms, mol-
ecules, radicals and clusters) and charged particles (elec-
trons, negative ions and positive ions). Three main types of
energy emission encompass: electromagnetic energy,
mechanical energy and heat. Mechanical energy includes
mechanical oscillations of various frequency ranges, i.e.
vibration, noise, ultrasonic emission, acoustic emission, etc.
Electromagnetic emission can be classified into static and
dynamic. Static emission includes static electric and
magnetic fields, while dynamic emission includes electro-
magnetic waves of various wavelengths, i.e. radio waves;
IR, visible, UV light; and X-rays.

For many years, mechanoemission has been considered
almost exclusively originating from high energetic ‘inter-
intermediate excited states’ [7], which are formed in the
material of mechanically affected solids due to breaking of
chemical bonds, i.e. due to plastic deformation, fracture,
peeling of adhesive films, etc. [8–10]. The excited states are
formed because the rate of the energy release exceeds the
rate of the energy dissipation. These excited states give rise
to emission of electrons, ions, molecules, etc. The
mentioned triboplasma [6] introduced a new activation
mechanism that does not require initial breaking of
chemical bonds in the mechanically affected solids, as
frictional electrification can occur without breaking bonds,
e.g. due to contact potential difference and thermoelectric
effect [11]. On the other hand, from the standpoint of
mechanoemission, friction is considered simplistically as
plastic deformation and breaking of chemical and adhesive
bonds.

Looking at the frictional contact ‘black box’, it is to
assume that ‘high energy intermediate excited states’ of
mechanoemission should also include ‘flash temperature’.

Fig. 1. General scheme of triboemission [7].
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•  Atritando	
  duas	
  superQcies:	
  
Triboplasma!	
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Quão	
  poderoso	
  é	
  este	
  triboplasma?	
  

!

Camara	
  et	
  al.	
  Correla1on	
  between	
  nanosecond	
  X-­‐ray	
  
flashes	
  and	
  s1ck–slip	
  fric1on	
  in	
  peeling	
  tape.	
  Nature,	
  
455,	
  1089-­‐1093	
  (2008).	
  

Raios	
  X!	
  



Tribologia:	
  aspectos	
  importantes	
  

Ciência	
  
•  Mecânica	
  básica;	
  

Tecnologia	
  
•  Projeto,	
  fabricação	
  e	
  

manutenção;	
  

Economia	
  
•  6%	
  PIB	
  (Peter	
  Jost);	
  
•  Provavelmente	
  mais	
  falhas	
  são	
  

causadas	
  por	
  problemas	
  
tribológicos	
  do	
  que	
  fratura,	
  fadiga,	
  
deformação	
  plásdca,	
  etc;	
  



Quatro	
  elementos	
  da	
  tribologia	
  

1)  Interações	
  de	
  superQcie	
  em	
  interfaces,	
  incluindo	
  
lubrificação	
  e	
  lubrificantes;	
  

2)	
  Geração	
  e	
  transmissão	
  de	
  forças	
  na	
  interface;	
  
	
  
3)	
  Resposta	
  dos	
  materiais	
  à	
  força	
  gerada	
  na	
  
interface;	
  
	
  
4)	
  Projetos	
  de	
  sistemas	
  tribológicos.	
  



Atrito?	
  

•  Resultado	
  da	
  dissipação	
  de	
  energia	
  em	
  interfaces	
  sob	
  
regimes	
  deslizantes	
  (exemplo	
  de	
  força	
  não-­‐conservadva);	
  

•  	
  O	
  coeficiente	
  de	
  atrito	
  é	
  definido	
  como:	
  

µ	
  =	
  força	
  tangencial/força	
  normal	
  

µ	
  é	
  uma	
  propriedade	
  do	
  material?	
  



Leis	
  de	
  Amontons	
  

•  Força	
  de	
  atrito	
  œ	
  força	
  normal	
  
	
  
•  Independente	
  da	
  área	
  de	
  contato	
  aparente	
  

Adesão???	
  



Atrito	
  hoje	
  

•  Força	
  de	
  atrito	
  œ	
  força	
  normal	
  

•  Depende	
  da	
  área	
  de	
  contato	
  REAL	
  
	
   	
   	
  <1%	
  da	
  área	
  de	
  contato	
  aparente	
  (Mate,	
  C.	
  M.	
  Tribology	
  

on	
  the	
  small	
  scale.	
  Oxford	
  University	
  Press,	
  2008)	
  

•  Depende	
  da	
  adesão	
  na	
  interface	
  

•  Dilcil	
  correlacionar	
  micro	
  e	
  macro	
  



Área	
  de	
  contato	
  



Área	
  de	
  contato	
  

Quando	
  superQcies	
  ásperas	
  estão	
  em	
  contato,	
  átomos	
  e	
  moléculas	
  
difundem	
  aumentando	
  a	
  área	
  de	
  contacto	
  e	
  o	
  menisco	
  em	
  torno	
  
das	
  asperezas	
  de	
  contato,	
  aumentando	
  as	
  forças	
  de	
  adesão.	
  

Mate,	
  C.	
  M.	
  Tribology	
  on	
  the	
  small	
  scale.	
  Oxford	
  University	
  Press,	
  2008	
  



Área	
  de	
  contato:	
  interdifusão	
  

Mate,	
  C.	
  M.	
  Tribology	
  on	
  the	
  small	
  scale.	
  Oxford	
  University	
  Press,	
  2008	
  



Deformação	
  elasto-­‐plás8ca	
  

Mate,	
  C.	
  M.	
  Tribology	
  on	
  the	
  small	
  scale.	
  Oxford	
  University	
  Press,	
  2008	
  

Regiões	
  circundantes	
  das	
  
junções	
  de	
  contato	
  
sofrem	
  deformação	
  
elás8ca,	
  enquanto	
  que	
  a	
  
deformação	
  plás8ca	
  
ocorre	
  em	
  alguns	
  dos	
  
cruzamentos.	
  



Adesão	
  

A	
  energia	
  total	
  na	
  superQcie	
  é	
  reduzida	
  aumentando	
  a	
  
área	
  de	
  contato	
  através	
  de	
  uma	
  deformação	
  elás8ca.	
  
	
  
Teorias:	
  JKR	
  ou	
  DMT.	
  

Envolve	
  principalmente	
  interações	
  de	
  van	
  der	
  Waals	
  
e/ou	
  Coulombianas.	
  



Adesão	
  capilar	
  



Atrito:	
  medidas	
  macroscópicas	
  





Tribômetro	
  

hop://www.youtube.com/watch?v=h0EN7_AOOXU	
  	
  



HDPE	
  



hop://www.directplas8csonline.co.uk/graphs.html	
  	
  





Coeficiente	
  de	
  resistência	
  ao	
  rolamento	
  (CoRR)	
  x	
  
potencial	
  eletrostá8co	
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Coeficiente	
  de	
  atrito	
  está8co:	
  PTFE	
  x	
  PE	
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•  A	
  triboeletrização	
  entre	
  
PTFE	
  e	
  PE	
  gera	
  um	
  
aumento	
  acentuado	
  
nos	
  ângulos	
  de	
  atrito.	
  

	
  
•  Grãos	
  de	
  PE	
  não	
  

deslizam	
  mesmo	
  em	
  
90º.	
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grãos	
  de	
  poliedleno	
  
PTFE	
  

Coeficiente	
  de	
  atrito	
  está8co:	
  PTFE	
  x	
  PE	
  



Atrito:	
  medidas	
  microscópicas	
  

•  Microtribometros	
  

•  Microscopio	
  de	
  Força	
  Lateram	
  (LFM)	
  
– Lateral	
  force	
  microscopy	
  (LFM)	
  or	
  Fricdon	
  force	
  
microscopy	
  (FFM)	
  

	
  



AFM:	
  Curvas	
  de	
  força	
  distância	
  



Atrito	
  em	
  nível	
  microscópico:	
  
microscopia	
  de	
  força	
  lateral	
  

•  Verificado	
  pela	
  primeira	
  vez	
  por	
  
Mate	
  et	
  al.;	
  

•  U8liza	
  a	
  plataforma	
  de	
  um	
  
AFM;	
  

•  Sinal	
  de	
  deflexão	
  é	
  uma	
  medida	
  
qualita8va	
  do	
  atrito.	
  

hop://www.doitpoms.ac.uk/tlplib/afm/lfm.php	
  	
  



Microscopia	
  de	
  força	
  lateral	
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•  Atrito	
  é	
  largamente	
  afetado	
  pela	
  
eletrização	
  também	
  em	
  escala	
  
nanométrica.	
  

	
  
•  Dimensão	
  fractal	
  D	
  do	
  sinal	
  de	
  atrito	
  

é	
  maior	
  do	
  que	
  da	
  topografia!	
  


