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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

e 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 m/s

clectaomuagie:

Frovas | Selwomati dimgrmin of highosyest friction appmratus.

Bowden, F.P. and Freitag, E.H., 1958, “The Friction of Solids at Very High Speeds”, Proc. Roy. Soc. (Lond) Ser. A, Vol. 248, pp. 350-367.
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ﬂ Bowden, F.P. and Persson, P.A., 1961, "Deformation, Heating and Melting of Solids in High-Speed Friction”, Proc. Roy. Soc. (Lond.) Ser. A, Vol. 260,
pp. 433-458,

» Los Alamos LA-UR-09-xxxxx
NATIONAL LABORATORY Slide 3

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

INYSE



Experimental Overview — Velocity Dependence

ATLAS pulsed power experiments measured similar velocity weakening at a Ta/Al interface at 15 GPa
for Sliding velocities between 360 and 700 m/s

+  Hollow, cylindrical “lifesaver” sandwich target enabled Liner
diagnostic access and reduced end effects

. Low C material (Ta)

. High C¢ material (Al)

* Low Cg material (Ta)

. 2-interfaces/experiment (2/6 um 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

[C.A, Rousculp et al., “Dynamic Friction Experiments at the ATLAS Pulsed Power Facility”,
Proc. 2006 Int. Conf. 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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Experimental Overview — Velocity Dependence

* Transverse radiography measured

bending of 0.4mm Au wires. Lagrangian
analysis determines F/A

Static Pre-shot Radiograph

ﬁj Dynamic Radiograph (t =22.2 us )
» Los Alamos LA-UR-09-xxxxx
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Experimental Overview — Velocity Dependence

* Lagrangian analysis showed velocity weakening

Yield

v | p Frang/A v >

Expt. | mmins) | (GPay | 21HS) | (GPa) S;‘ggg;h (mmius)

FR102 | 1.3 13 | 358 | 060 | 08 0.36

FR103 | 15 15 3727 | 009 | 09 0.56

FR101 | 17 18 | 2408 | <009 | 1.0 0.70
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Experimental Overview — Velocity Dependence

* Explosively driven experiments

Figmre L The FNA caperimwnt The s jopd sted stiiales

e .
A2 sl ware Pt sk thal e ssa v g i cruhd e
berern i shding sarfaces was <23 pm. The cummguncrts wory M-t‘t}o:d‘an-p‘-_-w-lhnm-u 1'_-‘

bkl s o ntiat by iy Ko a - -

[R.E. Winter et al., 2006, “Mechanisms of Shock-Induced Dynamic Friction”, J.Phys. D, Vol. 39, pp. 5043-5053

* Rotating Barrel Gas Gun

Sliding of Smaooth Copper on 30485

L

Mean Friction Coslficient
c

ot - - - - - — - v :
00 LA 22 el L] es o er o s 1@

Sliding Spoed (mis) Fal
[P. Crawford et al., 2003, “A Novel Experimental Technique for the Study of High-Speed Friction under Elastic Loading Conditions”,
Proc. Shock Compression of Condensed Matter — 2003, pp. 545-548]
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Experimental Overview — Velocity Dependence

* Plate-Impact pressure-shear friction experiment

=
o

g i [ Quasi Static (Bhusham and Gupta, 1991)
E B ®  MO2907 (Impact Velocity V=115 mis)
Flyer plate 8 - A MO2903 (Impact Vekcity V=137 mis)
; - 4 o MO9304 (Impact Velkcity V=170.8 mis)
3.25 inch single stage gas-gun Tilt adjustment § 8 lf Y MO8905 (Impact ¥elocity V=162.5 m's)
R P - &  MO3906 (Impact Yelocily ¥=217.1 mis)
r\ % . > - 4 FY05008 {Impact Velocity V=273 mis)
N TR £ osf C) FY05001 {Impact Veloclty V=340 mis)
. - = : A FY05004 (Impact Veloclty V=413 mis)
«——— Holograp B =4
diffraction grating ‘E l: A¥) FY0S007 (Impact Veloclty ¥=462 m/s)
Hjh._-—:‘:'_ E é N2+ [t
N> g | a
Fiber giass projectile e b~ 0 ‘0 ~y
Combined normal and 2 - < A
transverse displacement .5 - e
Target holder  interferometry = - v
x 3 L gl 11 vl [ N
Fig. 1. Schemadc of the plate-impact pressure-shear friction experiment 01130 10! 102 103
interfacial Slip Velocity, m/s

[F. Yuan, N.-S. Liou and V. Prakash, 2009, “High-Speed Frictional Slip at Metal-on-Metal Interfaces”, 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

i %

ne e ‘E;::u__hl o S ;;&";"‘H:_} :i’:'z;: 2 e Figurel. TEM micrograph for OFHC Cu shd.u:lg on 440C stainless steel, sl:dmg at | cmisec n;r 12 mat
- n-:-ﬂ e “-;n_“lt:\;- [ ".ﬁ:m o ooy & by 78 12 mhﬁkw wary normal load 66 6 . Loneitudinal section. Arrow denotes slidine direction. From Ref (22)
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mu’" ) bt 3 20 o Bl B uaface Seale maken e 0 am

[D.A. Hughes and N. Hansen, 2001, “Graded Nanostructures : e i q
Induced by Sliding and Exhibiting Universal behavior”, Phys. 52)—;“-1 ';'9';3!;,411?32;.] Sliding Wear of Metals”, Ann. Rev. Mater. Sci.,
/'\ Rev. Lett. Vol. 87, pp. 1355031-1355034.] = A0r B .
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Experimental Overview — Structural Transformation

* Cu pinon disk and Al explosively driven experiments show nanocrystallme regions and
highly strained regions at the sliding interface

AL o

Fg & TEM secrograph of acromsecvon of tested AWI0E ) shymimum.

Fig. 4. FIB ion channeling images of iranaverse cross-sectiom from e disk A ths mmcrystaBioe laver il ode| and adjacem heavily defarmed
weas tack showing 1a) a gradient of increasing grain w s below the wear gack material are shown The resalution of the sructure = degher here than
fiora 0.75 ms ke and (bj the sbrupt wansition fram 2 subsurface nanccry salline Fig 7 Lhmg both types of enages provides the desmed nesalutaom and
regicn ta & lupe grainad regica for a | 5ms test. demomratea that the sructures are not ssmply kocal efecin
[Andrew Emge, S. Karthikeyan, H.J. Kim and D.A. Rigney, 2007, [H.J. Kim, A. Emge, R.E. Winter, P.T. Keightley, W.J. Kim,
/\ “The Effect of Sliding Velocity on the Tribological Behavior of ML.L. Falk, and D.A. Rigney, 2009, “Nanostructures generated
Copper”, Wear, Vol. 263, pp. 614-618] by Explosively Driven Friction: Experiments and
Molecular Dynamics Simulations”, Acta Mater. = -0)9-
- Los A'amos doi:10 lﬂlﬁf‘yactamat 2009.07.034] LA-UR 09- R
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Experimental Overview — Material Mixing

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

Fiz. 3. TEM image of longzimdinal section of OFEC copper block
ver shding agams: H0°C steel nnz. Noce sharp demarcation batwes
aznocrystalline mixed matesial and deformation substructare {subgrn
of base matesial Same sample and conditions 8s in Fig. 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.]
» Los Alamos LA-UR-09-xxxxx
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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.

Pt
B I:-Ojs Alamos LA-UR-09-xxxxx

NATIONAL LABORATORY Slide 13
:::::::

Operated by the Los Alamos National Security, LLC for the DOE/NNSA N '@
A 4




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 F, at velocities less than 100 m/s.
Pressure-shear measurements have been been carried out to 450 m/s
(v. Prakash et al.).

* Large scale NonEquilibrium Molecular Dynamics (NEMD) allow for
microscopic interrogation of physical mechanisms at relevant sliding
rates (0 -1 km/s).

/A
’ L/O—Z Alamos LA-UR-09-xxxxx

NATIONAL LABORATORY Slide 14

E5T. 1943
Operated by the Los Alamos National Security, LLC for the DOE/NNSA '-i"b
ta%i



NEMD Simulations

A simulation strategy was formulated to understand the underlying physical mechanisms using a particular
Boundary condition.

Typical system sizes: 10° 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.
J.E. Hammerberg and B.L. Holian, 2004, “Simulation Methods for Interfacial Friction in Solids”, in Surface Modification and Mechanisms,

G.E. Totten and H. Liang, eds., pp.723-749.] LA-UR-09
= -UY-XXXXX
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NEMD Simulations

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

05 Ay 1 1 1 L
‘\,_ . p=L19(A=0)
0.4 4 £\ ——pal23(A=0) L
| e p e 12T(A=0)
03 | * p=123 (.q:zsro) r

Cu(2D) P=30GPa, v- 0.12¢,, Mechanical Mixing

Evolution of mixed layer

=10 -5 o & 10 15

times: 100,200,300,400,500 tg

Cu(2D) Grain Structure

» Los Alamos LA—UR—09jxxxxx
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Material pairs investigated with NEMD

Material pairs investigated:

| | ' _ Vmax p
Tribo-Pair Dimension (cmus™) ((215;)
Cu/Cu 2 0.30 30
el 2 0.25° 10-0
Cu/Ag 3 0.12 5
Ta/Al 3 0.30 15
Al/Al 3 0.30 15

Ed - . . 3
For the Lennard-Jones system velocities and pressures are given in Lennard-Jones units.
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Velocity Dependence: Generic properties of high
velocity sliding

There is a variety of experimental evidence that at high velocities the [rictional
force decreases with increasing velocity. | 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, eds.) pp.723-
749]. The figure below shows simulation results for an Al(111)/Al(001) inter-

face.
Scaled Frictional force, {/f;_vs. Scaled Velocity, v/v,
Y ¢ e &
L] J
‘e ® T-232K :
o ]
0.8} e T-464K 1
® T-696K 1
M gl _
0.4 :
0.2 ———— %o, ]
o L i
o 1 2 3 4 5 6 7
A e
’—j Vive
- Los Alamos LA-UR-09-xxxxx
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Velocity Dependence: Lennard-Jones (2D) and Cu/Ag
(3D) Interfaces

Tangential force vs. sliding velocity

T T T F/A va. Velocity: Cu/Rg (100)
018l 1% Uil COmpression . | 2 ] *
i 1% uniaxial compression x 5
0.16 11% uniaxial compression « ] 1.35F \
®
014 ¢ 1.5} \ "
o2k ~1.25} " Y5
= [} ~
] 1
S ~
3 o o e i~
008} ] ~._
0.06 VR.38) T e
B - | ~—_ 9
4 \‘\1 y ocl® - ]
004} * * e ; i
X T ————a
002 [* ot ) 0.25 i
o |
0 0.5 . 1.5 2 2.5 2(‘)0 ‘ 460 = 660 - 960 lO‘OO § 1200
scaled Up V (m/s)
Scaled tangential force for a flat 2-D Lennard-Jones solid incommensurate interface at CLI/Ag (5 GPa)

three compressions. The high velocity behavior scales as v with b=3/4.

P

> Los Alamos LA-UR-09-xxxxx
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Velocity Dependence: Ta/Al (3D) and Al/Al (3D)
Interfaces

l.aF AN100)[Ta{100) 1 AI(1L1)[AN{100) T=232K: blue
Aljlni 110) (red,
e 0.8} Al(ITD|AI(100) T=164K: green
1.2 |
AI(LTAI(100) T=696K: red
1

0.
0.8
0.6 0.
0.4

0.
0.2

Q ¢.05 0.1 0.15 0.2 0.25 0.3

Vel (em/ms)

Ta/Al (15 GPa)

A

=
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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, : anharmonic phonon dissipation
2. 0.5-1.0 v, : plastic deformation

3. 1.0-2.0 v, : structural transformation

4. v>2.0v, : fluidization

/'\
> Los Alamos LA-UR-09-xxxxx
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Velocity Dependence: Anharmonic phonon dissipation

P

=
Lo Noms

Low velocity regime

In this regime (v «v,), exact results are possible and the dissi-

pation is due to anharmonic phonons:
& 2 . .
8F |, = %Z{é.;)lmﬁ}l i S 1@ 4 Im G, (G, g+ 0y(§)
Q773
q

=3
+8,5(—¢q. 3:03)!1‘”(}‘ Irﬂ(f}. —E::(o + (:)G(c?r)} ld®

. > - -
where mﬂ{a) = ¢-v. When v approaches zero the rhs is linear

in 0)0{3}. SI[E}. —a:mJ is a dynamic structure factor defined by

— ig-R(0) —id-RAC
SyG g =1y = {n (G Ony=q g = Y Trpge S
ie

JEQ

and hnG[rﬂ(E}, —ZII(!) + 0)0((;)] is the density-density response

function written as the imaginary part of the Green’s
function.

IFor an incommensurate interface thes expressions lead to a

lincar velocity dependence at low velocities proportional to

inverse phonon lifetimes from evaluation of the imaginary

part of the retarded phonon Green’s function. LA-UR-09-xxxxx
Slide 22
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Velocity Dependence: Plastic Deformation

Intermediate regime (05v,<v<yv, ): Plasticity
AVAL stacking fault formation at v =150 n/s, Tre=696 K

t=0.265 ns t=0.269 ns t=0.277 ns
° LOSAIamOS LA-UR-09-xxxxx
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Velocity Dependence: Structural Transformation

Cu(2D) P=30GPa. v- 0.12¢.. Mechanical Mixing

/.\ Cu(2D) Grain Structure Cu/Ag
) P=5.1 GPa v=470 m/s
» Los Alamos LA-UK-UY-XXXXX
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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
Tangential Velocity Field (v (x.y))

Vo= 2 kmis, TR =696, 464, 232 K~

T=696 K T= 464 °K T=232°K
ﬁ/j
» Los Alamos LA-UR-09-xxxxx
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Fluidization : Tangential Velocity Profile - Al/Al

-

/= AT LD/AKOOL) V (x.y) for v, = 1.5 km/s, P=15 GPa
» Los Alamos LA-UR-09-xxXxx
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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.
Particle Positions (001) plane - sample center

V= 2.0 km/s, Ty, =696, 464,232 K°

T=696 ‘K T=464 °K T=232°K
+ LOS Alamos LA-UK-UY-XXXXX
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Fluidization : Particle Positions - Al/Al

SRL AR | IBEN e D00
T B DGIF .| 0050 GIF

Particle Positions (001) plane - sample center

Vil = 1.5 km/s

s Los Alamos LAHUR~09l-xxxxx
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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.

o ILOS Alamos LA-UR-09-xxxxx
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Generic properties of the velocity dependence of the
frictional force and analysis

«  AI(111)/A1(001) results have shown scaling behavior:

ANLLANL00) T=232K: blue
0.8 F ANLLLANLD0) T=464K: green e
ALTTD]AI00) T=696K: red
o el
& F [ ] -
FyA N\ 11, L
(GPa) \ v
0.4 ¢ .\-. - noa,
L |
é\'\ \;““m - ®
.I\____ . T~ a, ‘
0.2} L ® T —— ! 0.2
o® ° ° s e
o3 ; 2 8
R , s
.08 25 5 '
Vel (em/ms)
= = 6
P=15 GPa, N ;ms=1.5 10

paa

/j
» Los Alamos
NATIONAL LABORATORY
EST. 1943

® =R K
® T=ddh
8 T=i%6 K
\\.
o
o2
)
® .
‘-‘ y
.—_
.P._.
J l . 5
viv,
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The simulation results are well represented by a scaled
function for the tangential force per unit area

= T is a critical temperature at v_ and «is an average thermal
conductivity. 1" =1 _, and T, is the boundary temperature.

_ 1 T
== k(T)dT
(F-1)1
B Qs Alamos LA-UR-09-xxxxx
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Scaling of the Frictional Force — Al/Al (Cont.)

The temperature dependence of v, is very nearly linear with respect

reservoir temperture

500 T T T T T
"Vevs.Tres" -
“Tmelt" X
400 | g
w
£ 300 | + 3
=&
8
s
ks
I(-;’; 200 f 2}
100 - o
0 1 1 k 1 1 ><
(4] 200 400 600 800 1000 1200
/-\ Reservoir Temperature (K)

=
g o
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2

Structural transformation for v .<v<v_,

transforming (111) material into (001) material.

For velocities v_<v<v_,, a transformation front coincident with the sliding surface forms,

L 1 I o) ' i 1)

0,04} 900 m/s ]
i 600 m/s
002} 475 mis +
V. (c.u.) 0.00

=002 | g ]
F 420 m/s ;
-0.04} J
r: ] 2 .__ i " L " i | 2 3 L !

-200 - 100 100 200

.

==
Alamos

NATIONAL LABORATORY
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0
V(A)
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For velocities above v_, a Couette flow pattern forms

characterized by a critical strain rate.

08T | BT
2.0 kmis
0.10
1
12 kmis
~
e 1 km/s .
V(c.u) 900 :
-0.05 F rpr— e J
-i].ll]F _
-DJSLI N - n ) = i = 1 :
-200 -100 0 100 200
Y(A)
T,=232K
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The critical strain rate depends on the boundary
temperature and the temperature profile is parabolic in
the fluid region.

Velocity and temperature profiles: V= 2 ks | g =232_ 464, 696 °K

ileu. T—-11605 K. 1 couV = 9,823 km/s |

s 3¢ T
5
Viyy) e
(c.u.)
1] l '
e I ...........
¥(A)
-"“"
T
(cu) |
myx
o
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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
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where ¢g_is the critical strain rate in the Couette regime, « is the thermal conductivity, n is the fluid
viscosity, ¢, the specific heat and Pr the Prandt’| number and the brackets denote thermal
averages between T(0) and T ,and between T(0) 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(0) and the critical strain rate.
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where the second expression assumes the result from the NEMD simulations which show

the values for T(0) independent of v, in the Couette regime.
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Couette flow regime

From these expressions it follows that the velocity dependence of T(0) apart from the temperature dependence
of k is vi*e, The expression for T(0) may also be solved for x:

V(km/s) T(0) (K)  (W/(m-K)
0.8 1220 1.94
0.9 1277 1.39
1.2 1353 1.2
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_and v,
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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, v, > v., beyond which the fluid
interface exhibits Couette flow. In this reg|me the tangential force is
determined by a critical strain rate, the fluid viscosity and thermal
conductivity.

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

* Forv>v,, 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:

F

t S
< = [P, Tig, veg)

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

A
- LOS Alamos LA-UR-09-xxxxx
NATIONAL LABORATORY Slide 41

EST 1943

Operated by the Los Alamos National Security, LLC for the DOE/NNSA N "bg



