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Overview 

• Experimental background for metal-metal sliding 

• Large-scale Non-Equilibrium Molecular Dynamics 
(NEMD) simulations to characterize physical mechanisms 

• Generic properties of the velocity dependence of the 
frictional force 

• Summary 
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Experimental Overview - Velocity Dependence 

• High speed levitated sphere experiments of Bowden and collaborators demonstrated 
significant weakening of the frictional force with increasing velocities to 700 mls 
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. ./""l Bowden, F.P. and Persson, PA, 1961 , "Deformation, Heating and Melting of Solids in High-Speed Friction", Proc. Roy. Soc. (Lond .) Ser. A, Vol. 260, 
~ pp. 433-458 . 
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Experimental Overview - Velocity Dependence 
ATLAS pulsed power experiments measured similar velocity weakening at a TalAI interface at 15 GPa 
for Sliding velocities between 360 and 700 mls 

• Hollow, cylindrical "lifesaver" sandwich target enabled Liner 
diagnostic access and reduced end effects 

Low Cs material (Ta) 

High Cs material (AI) 

• Low Cs material (Ta) 

2-interfaces/experiment (2/6 flm RMS finish) 

Thick liner (7 mm initial, 10 mm at impact) 

• maintained shocked state longer 

produced greater interface displacement 

Must be transparent to radiography 

1.5 - 2.5 km/s impact velocity 

Shock Front 
../'1 [C.A. Rousculp et al., "Dynamic Friction Experiments at the ATLAS Pulsed Power Facility", 

---:-J Proc. 20061n1. Cont. on MegaGauss Magnetic Field Generation and Related Topics, 2007.] 
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· Experimental Overview - Velocity Dependence 

Atlas Pulsed Power Facility at NTS Provided Reproducible, Tunable Drive 

• 26 MJoules stored energy, 6 ms rise time 
• Symmetric, cylindrically converging geometry 
• 1/3,2/3, 3/3 bank configurations (and others) 
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Experime'ntal Overview - Velocity Dependence 

• Transverse radiography measured 

bending of O.4mm Au wires. Lagrangian 

analysis determines F/A 

Static Pre-shot Radio ra 
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Dynamic Radiograph (t = 22.2 ).ls ) 
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Experimental Overview - Velocity Dependence 

• Lagrangian analysis showed velocity weakening 

Vimpact P Ftan/A 
YieJd 

<v· t> 
Expt. ~t (~LS) Strength In 

(mmhls) (GPa) (GPa) (mm/ps) 
(GPa) 

FR 102 1.3 13 3.58 0.60 0.8 0.36 

FR 103 1.5 15 3.727 0.09 0.9 0.56 

FR 101 1.7 18 2.408 < 0.09 1.0 0.70 
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Experimental Overview - Velocity Dependence 

• Explosively driven experiments 
"'enfr,,] 
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[R.E. Winter et aI., 2006, "Mechanisms of Shock-Induced Dynamic Friction" , J.Phys. D, Vol. 39, pp. 5043-5053 

• Rotating Barrel Gas Gun 
Sliding of Smooth Coppe r on 304SS 
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[Po Crawford et al.,2003, "A Novel Experimental Technique for the Study of High-Speed Friction under Elastic Loading Conditions", A Proc. Shock Compression of Condensed Matter - 2003, pp. 545-548] 
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Experimental Overview - Velocity Dependence 

• Plate-Impact pressure-shear friction experiment 

Target hok:ler 

Target plate 

C«nbined normal and 
Iransverse displacement 
interferometry 

f ig. I. Sctu~ n~ti c or the p~te-imp.l t pressure-shear fri ction cx jJC rirncnL 

,. 
• .. 
• • • <4 
o 
6 
"\l 

Quul- statle (Bhu5hilim nd Gupta. 1991) 
M09901 (ImpactV'&IocItyV=115 mi',,) 
M09903 (ImpactV'&IOCItyV=137 mi:s) 
M0990", (ImpactV'&IOOItyV=170 J~ m'S) 
M09905 (Impa~V&IocItyV=1 92.5 m'S) 
M0990e (Impact v erIOOItyV=217 .1 mrs) 
FYO &108 , Impact V&IOclty V=213 m.'S) 
FYO SJ01 (ImpactV8>loclty V=340 mle) 
FYO&lO. (Impact V&loclty V=4'13 m.'S) 
FYO&107 ~ lmpactV&loclty V=462 m!6) 

• 
... 

[F. Yuan, N.-S. Liou and V. Prakash, 2009, "High-Speed Frictional Slip at Metal-on-Metallnterfaces", Int. J. Plast., Vol. 25, pp. 612-634.] 
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Experimental Overview - Structural Transformation 

• Dry sliding induces subgrain nanostructure and highly strained graded microstructure in 
ductile metals 

[O.A. Hughes and N. Hansen, 2001 , "Graded Nanostructures 
Induced by Sliding and Exhibiting Universal behavior" , Phys. 

A Rev. Lett. Vol. 87, pp. 1355031-1355034.] 

Los Alamos 
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FIgure I: TE:'II! micrograph for OFHC Cu . ltdmg on 440C >Iaml~;> ,ted. sliding al I cmi,ec for 12 ru al 

nonnal load 66.6 . Lon~intdinal sectiou. Arrow denote, >lidin ~ direction. From Ref. (22) . 

[OA Rigney, 19887, "Sliding Wear of Metals", Ann. Rev. Mater. Sci. , 
Vol. 18, pp. 141-163.] 
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Experimental Overview - Structural Transformation 

• Cu pinon disk and AI explosively driven experiments show nanocrystalline regions and 
highly strained regions at the sliding interface 

Fig_ "' . fiB iOlI chlrQ~linl im1te:' of .,ftI,'WCse C10U.-1«ticlm: from !be disk 
"'WI u.a lbc7aio,,;A,J " p,adicnt af ilX'r.t'ujn8sr.itI s.i Ir"i beta. Ihe "'~a1Il;ack 
lor ... O.1S rWi ~JJ md (h) the- zt,ruFt cr-amituo from ~ tubSl • .,fx.e IIlDXr),M.lUne 
reri.co to .. latft !flUted' rCfi.a:ll ra a J 5 cg,'s le'f,L 

[Andrew Emge, S. Karthikeyan, H.J. Kim and D.A. Rigney, 2007, 
/'1 "The Effect of Sliding Velocity on the Tribological Behavior of 
~ Copper", Wear, Vol. 263, pp. 614-618] 
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[H.J. Kim, A. Emge, R.E. Winter, P.T. Keightley, W.J. Kim, 
M.L. Falk, and D.A. Rigney, 2009, "Nanostructures generated 
by Explosively Driven Friction: Experiments and 
Molecular Dynamics Simulations", Acta Mater. LA-UR-09-xxxxx 
doi:l0.1016/j.actamat.2009.07.034] Slide 11 
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Experimental Overview - Material Mixing 

• Nanocrystalline mixing layer (A) at a Cu/SS interface 

A . 
Los Alamos 
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F~ 3. TD1 ilmgi! of Lonptudi.:lal :a.1iou of OFHe. ~opper b~cd a: 
:e sltdiDg agl:Jr=! #::<'C stee, rin,g. K<Y.E sbarp d8ll3rc,ltian 1>2tWeoi! 
=c~YS[I.1ine mi;tI!d mateial 3!Id de:onn:ttian>!!lb5lnJc1;,1re (s..'1bgrull! 
of blse ma;eo.;:!l 5ame SImple 3!Id cODrl:tioll5 IS in Fl!~: . 1. 

[D.A. Rigney, 2000, "Transfer, Mixing and Associated Chemical and Mechanical Processes 
During the Sliding of Ductile Metals", Wear, Vol. 245, pp. 1-9.] 
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Summary - Experimental 

• Frictional force at metal-metal interfaces exhibits a 
decrease with increasing sliding velocity at high velocities 
(velocity weakening). 

• The near surface microstructure transforms to smaller 
length scale structure which is graded and exhibits very 
high plastic strains in regions of tens of microns from the 
sliding interface. 

• There is evidence for a mechanically mixed layer of 
nanoscale material at the sliding interface. 
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Large-Scale NEMD Simulations of the tangential force 
as a function of sliding velocity and compression 

• 

• 

• 

• 

Experimental data for the tangential force as a 'function of velocity and 
compression are sparse and difficult to obtain dynamically. 

Integral experiments have been carried out by R. Winter et al. using 
high explosive drive. Pulsed power radiographic experiments have also 
been carried out (G. Kyrala, R. Faehl, C. Rousculp et al. LANL­
Pegasus, Atlas experiments) which are more nearly direct 
measurements of the tangential force. 

Rotating Barrel Gas Gun experiments (P.Rightley, P.Crawford and K. 
Rainey, LANL) allow measurements of Ft at velocities less than 100 m/s. 
Pressure-shear measurements have been been carried out to 450 mls 
(v. Prakash et al.). 

Large scale NonEquilibrium Molecular Dynamics (NEMD) allow for 
microscopic interrogation of physi.cal mechanisms at relevant sliding 
rates (0 - 1 km/s). 
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NEMD Simulations 
A simulation strategy was formulated to understand the underlying physical mechanisms using a particular 
Boundary condition. 

-u ...... ~--­
p 

Typical system sizes: 106 atoms 
Typical integration times: 1 ns 

[J.E.Hammerberg, B.L. Holian, J. Roeder, A.R. Bishop and S.J. Zhou, 1998, "Nonlinear dynamics and the problem of slip at material interfaces", 
Physica D, Vol. 123, pp. 330-340 . 

../l J.E. Hammerberg and B.L. Holian, 2004, "SimuJation Methods for Interfacial Friction in Solids", in Surface Modification and Mechanisms, 
~ G.E. Totten and H. Liang, eds., pp.723-749.) Los Alamos LA-UR-09-xxxxx 
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NEMD Simulations 

• Initial Cu/Cu two dimensional simulations showed all three experimental features: velocity 
weakenina. structural transformation and mechanical mixing. 

0.5 

- p - !.19(A=0) 

0.4 - P a 1.23 (A = 0) 
... p - U7(A- 0) 

0.3 • P = 1.23 (A = 25r.) 

"'-

0.2 

O. l 
.. ... .. .... 

0 , I ----,--

0 0.2 0.4 0.6 0.8 1 1.2 Cu(2D) P=30GPa, v- O.12c t , Mechanical Mixing 
u 

Evolution of mixed layer 

O.s. 

0.' 

0 .) 

o. , 

0 . 1 

IS 

A Cu(2D) Grain Structure 
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Material pairs investigated with NEMD 

Material pairs investigated: 

V max 
P max Tribo-Pair Dimension (cmJ.ls-') (GPa) 

Cu/Cu 2 0 .30 30 

L-J/L-J 2 '" 10.0 0.25 

Cu/Ag 3 0.12 5 

TalAI 3 0.30 15 

AIIAI 3 0.30 15 

" For the Lelllwrd -Jones s y s tem vel oc ities and press ures are give n in Lennard-Jones units . 

-QAlamos 
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Velocity Dependence: Generic properties of high 
velocity sliding 

QAlamos 
NATIONAL LABORATORY 

Then' is a variety of experimental e,i<ience that at higb velocities the flictional 
force decreases with increasing velocity. 1 cf. J.E. Hammerberg and 
B.L.Holian, "Simulation Methods for Interfacial Friction .in Solids" in Surface 
Modification and Mechanisms, 2004 (G.E.Totten and H.Liang, cds.) pp.723-
7491. The figure below shows simulation results for an AI(l J 1)IAJ(001) inter­
face. 

1 

0 . 8 

fir 
C O . 6 

0 .4 

0.2 

Scaled Frictional force, fife. ""s. Scaled Velocity, vlv.: 

• 
• • , .. 

• 

• T =232 K 

• T=464 K 

• T=696 K 

• . ,. 
• 
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Velocity Dependence: Lennard-Jones (20) and Cu/Ag 
(3D) Interfaces 
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0.1 X"-,. 
0 .08 

0.06 
)( 

0.04 )( 

.. 
0.02 "" oJ 
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. 

Tangential force vs. sliding velocity 

• 

0.5 

]' 1I",.I~f.11 cClmlJf' C;f n • 
7% uniaxial compression x 

11 % uni:txial compre~~1 n • 

• 1.5 
scaled up 

2 2.5 

Sca led hlllgcl1tinl force to r a nat 2-D L..!l1nurd-Joncs solid inCOn11l1Cnsurntc intcrl~lCc fH 

three compressions. The high velocity bo!havior scu les ns v- b with h~3 /4. 
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Velocity Dependence: TalAI (3D) and AIIAI (3D) 
Interfaces 

1. 4 

1.2 

0 . 8 

0.6 

0 . 4 

0.2 

o 0 . 05 

AI(lOO)ITa(IOO) 

AI(III)ITa(lIO) (~d) 

0.1 0. 1 5 0.2 

Tal Al (1 5 G Pa) 
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Velocity Dependence: Four regimes of characteristic 
dissipation 

There are four regions in velocity that correspond to different dominant modes 
of dissipation. 

1. 0-0.5 v c : anharmonic phonon dissipation 

2. 0.5-1.0 vc: plastic deformation 

3. 1.0-2.0 v c : structural transformation 
4. v> 2.0 Vc : fluidization 

-QAlamos 
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Velocity Dependence: Anharmonic phonon dissipation 

A 
Los Alamos 
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Lo,"' velocity regirne 

In this .-cgime (,.- " "c). (-X'I(.'t .-('sults <Ire possihle and the dissi­

pation is due' to anha ... noni(~ phonons: 

whcl'e O)o(q) = q. I' , Whcn v app.-oaches zero the .'hs is linca.' 

in (J)o(cj) , S I ('1, -q ;ro) is a dyn .. mic structurt' factor deflnt.'d by 

s ( ~ -::;,. t - ") I q, q. 

I I r ' rel(~ ~ (~' h 1 ' d ' anc fl/u I q. -q ;ro + 0)0 q» IS tee ('nslty- cnslty n.'spons(' 

fUIl(,tion written as tht." imaginary pOlI-t uf tht.' GI-cen's 
function, 

10'01' 3n in('ommcnsurate intt."rfa('e thes expn'ssions lee.d to a 
liIH.':"- vclodt~' dept.'ndence at low yelocities propor'tion.d to 
inn"I'st.' phonon lit4..'timt.'s from ('v.'tltwtion of tht., imngilulI'Y 
pal't of the n."tcuded phonun Gn'('n's functiun. LA -UR -09-xxxxx 
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Velocity Dependence: Plastic Deformation 

t=O.265 liS 

-QAlamos 
NATIONAL LABORATORY 

Interlnediate regime (o.svcS\·S\·c): Phlsticity 
AI/AI .sta,,'king fault for·lllation at v n .• =150 mis, T n 's=()96 K 

t=O.269 liS t=O.277 liS 

LA-UR-09-xxxxx 
Slide 23 

__ EST. 1941 ------ ---------------------------------

Operated by the Los Alamos National Security, LLC for the DOE/NNSA ' .. '~ 



Velocity Dependence: Structural Transformation 

Cu(2D) P=30GPa. v- O.12c ... Mechanical Mixing 

Cu/Ag 
P=S.l G Pa v=470m/s 
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A Cu(2D) Grain Structure 
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Velocity Dependence: Structural Transformation -
Fluidization 

• AI(111 )/AI(001) Interface at very high velocities exhibits confined non laminar Couette fluid 
flow behavior 

T=6CJ(l ':i t( T= lJ2 OK 
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F uidization : Tangentia Ve ocity Profile - AI/AI 
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AI(lll)/AI(OOI) V:Jx,y) for vrd = 1.5 km/s, P=15 CPa 
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Velocity Dependence: Structural Transformation -
Fluidization 

• AI(111 )/AI(001) Interface at very high velocities-particle positions: Couette region size 
depends on boundary temperature. 

Pa ... icl~ l)n~ttiOlI' (lIut) planc - sample ('('nl('r 

' ",",'1 = 2.0 km/~. T R =6Q(l. -'64. 2.'2 K~ 

1= 232 '-K T=0·4)6 ':K 
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Fluidization: Particle Pos·tions - AI/AI 
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NEMD Simulations - Summary 

• NEMD simulations have shown velocity weakening at high velocities for a variety of 
metal/metal interfaces. 

• There are four regimes of deformation as velocity increases: anharmonic phonon 
dominated, dislocation and defect dominated, structural transformation, and fluidization. 

• Material mixing occurs at the higher velocities. 

• The above are qualitatively similar to the experimental picture described above. 

• The velocity dependence at high velocities is well represented by a power law velocity 
dependence for the frictional force. 
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Generic properties of the velocity dependence of the 
frictional force and analysis 

• AI(111 )/AI(001) results have shown scaling behavior: 

1 f • 
AJ(III)IAI(lOO) T =232K: bl"e • •• • 
AI(lll)IAI(lOO) T =464K: g",e" • 0 . e , 

AI(J II)IAI(lOO) T =69GK : red 

./ fc 
0 . 6 -

• n (I , 

• • , 
0 . 2 , 

--- I 
0 . 15 0.2 0.2 5 

0 1 

Vn,1 (em/ rn s ) 

P=15 GPa, Natoms=1.5 106 

A 
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The simulation results are well represented by a scaled 
function for the tangential force per unit area 

( J
-~ 

F v 
f=-=fc -

A v c 

. - 4KT* ( To J ' - 1--. 
c fL T~ 

c 

• T" is a critical temperature at v c and K is an average thermal 
conductivi~y. TJ.::=: Tmt't and To is the boundary temperature. 

T' 
- 1 J 
1C = ( . ) K(T)d T 

T~ -T . 
o To 
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Scaling of the Frictional Force - AI/AI (Cont.) 
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The tern perature dependence of Vc is very nearly linear with respect 
reservoir tenlperture 
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Structural transformation for v c <v<v c1 

• For velocities v c <v <v c1' a transformation front coincident with the sliding surface forms, 
transforming (111) material into (001) material. 
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For velocities above vc1 a Couette flow pattern forms 
characterized by a critical strain rate. 
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The critical strain rate depends on the boundary 
temperature and the temperature profile is parabolic in 
the fluid region. 
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The velocity dependence of the interface temperature in 
the high velocity regime may be analyzed in terms of 
fluid and mechanical quantities 

r \-1 1 " 1C " T(O)=T +-(-) y­
m 8 \ " ,1) ,t 

where ~ is the critical strain rate in the Couette regime, K is the thermal conductivity, T] is the fluid 
viscosity. Cv the specific heat and Pr the Prandt'l number and the brackets denote thermal 

averages between T(O) and T mand between T(O) and T{y) in the last equation. 

~ [J.E. Hammerberg, B.L. Holian, T.C. Germann and R. Ravelo, 2009, "High Velocity Properties of the Dynamic Frictonal Force between 
~ Ductile Metals", Proc. Shock Compression of Shock Compression of Condensed Matter-2009.] 
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These relations and the scaled form for F imply 
relationships for T(O) and the critical strain rate. 

(a=l-J3) 

where the second expression assumes the result from the NEMD simulations which show 

the values for T(O) independent of Vc in the Couette reg,ime. 
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Couette flow regime 

From these expressions it follows that the velocity dependence of T(O) apart from the temperature dependence 
of K is v1+a.. The expression for T(O) may also be solved for K: 

V(km/s) T(o) (K) K (W/(m-K) 

0.8 1220 1.94 

0.9 1277 1.39 

1.2 1353 1.32 

1.5 460 1.19 

2.0 1694 1.00 

3.0 2089 0.98 
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Couette flow regime 

There is also a relationship between v c and v cI 
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Summary 

• The tangential force between ductile metals exhibits a generic 
velocity dependence. 

• There is a critical velocity, v ~ beyond which the tangential force 
decreases and the dominant dissipative mechanism changes from 
plastic deformation to structural transformation and fluidization at the 
highest velocities. 

• There is a second critical velocity, vc1 > ve' beyond which the fluid 
interface exhibits CoueUe flow. In this regime the tangential force is 
determined by a critical strain rate, the fluid viscosity and thermal 
conductivity. 

• The tangential force for v > v c exhibits scaling behavior with a power 
law exponent, ~ ==3/4, and f - (v/v c)-~. 

• For v>vc1 ' the flow is non-laminar and mixing. 
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Summary 

• Ultimately one would like to have a constitutive model for the tangential force to be used in 
macroscopic engineering simulation computer models: 

where A is surface area, P pressure, T temperature, Ep plastic strain, and v rei the relative 
velocity. The above expressions are the basis for such a model. 
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