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Understanding high speed machining processes requires knowledge of the dynamic fric-

A. J. Patanella tion response at the tool-workpiece interface, the high strain rate response of the work-
. piece material and its fracture mechanisms. In this paper, a novel experimental technique,
M. Fischer consisting in the independent application of an axial static load and a dynamic torque, is
used to investigate time resolved dynamic friction. Shear stress wave propagation along
Purdue University, an input bar, pressing statically against an output bar, is analyzed. The quasi-static and
1282 Grissom Hall, kinetic friction coefficients of Ti-6Al-4V sliding against 1080 Steel, Al 6061-T6 sliding
West Lafayette, IN 47907-1282 against 1080 Steel, and Al 6061-T6 sliding against Al 7075-T6, with various surface

characteristics, are investigated. Sliding velocities up to 6.9 m/s are achieved. Surface
roughness is varied to understand its role on the frictional response of the sliding inter-
faces. The dependence of friction coefficient on material strain-rate sensitivity is also
assessed. Measured friction coefficients compared well with values reported in the litera-
ture using other experimental techniques. The experimental methodology discussed in this
article provides a robust method for direct measurement of the quasi-static and dynamic
friction coefficients representative of high-speed machining, metal-forming and ballistic
penetration processefS0742-478{00)01304-1

1 Introduction for steering satellites. In these advanced materials applications, an

Recently, attention has been focused on the mechanics of h|n-depth understanding of their frictional response is highly

speed machining as a means for increasing manufacturing produca \yige variety of experiments are required to fully characterize
tivity through reduction of machining time. Some substantial sayne friction phenomenon. In such experiments, conditions of pres-
ings have been achieved in the area of machining traditional mayre, velocities, surface characteristics, and temperature, present
terials. However, there are still limitations in the tool life that havéh applications of interest, need to be achieved. A simple geom-
prevented advances in the machining of materials having higlry, from which local interface traction and sliding velocity can
strength or hardness such as titanium alloys, high strength stebks easily measured, must be employed. In this way, mathematical
nickel alloys, and ceramics. models of frictional behavior of interfaces can be used to describe
Friction is a very important factor in high-speed machining andhe friction phenomenon. In turn, these models can be incorpo-
ballistic penetration processes. In fact, friction and wear on ttigted in computational simulations to gain insight into the main

rake face as well as on the clearance face play very critical rolesfiftures associated to these processes. , ,
the performance and life of a cutting tool, Komanduri et[al. Nowadays there are several experimental techniques available

Other mechanisms such as shear-banding and chip formation nr%dhe study of dynamic friction. They are basically divided in the

an in-depth understanding if the machining process is to be i flowing groups:
proved, Komanduri et a[2]. Similarly, friction and material in-  « Pressure-shear plate impact frictional experiments, Prakash
stabilities are extremely important in modeling ballistic penetraand Clifton [8], Prakash 9] and Espinosa et aJ10], were em-
tion, see for instance Zukd8], Meyers[4], Camacho and Ortiz ployed to investigate time-resolved friction. The configuration of-
[5], and Espinosa et d16,7]. fers the simplicity of allowing the interpretation of the experimen-
Another application related to the frictional behavior of matetal results by using the framework of elastic plane wave analysis.
rials is in their usage as coatings in components of rotary or linebfese experiments can simulate local conditions of pressure and
motion devices. Most devices work lubricated making a study g;%rl)i?zgtior:/selocmes occurring in  high speed machining
dry friction apparently unnecessary. However, this is the case o e . . .
when the machine or device reaches its operational steady st?téhMOd'f'Ed S_pllt-Hfopklnls_on b%r method, _Cl)gfavxial]. This
During the transient period, in which the devices are cold, in othBerC nique consists of applying a dynamic axia orce to a rotating
. S . X ar/specimen system. The method can be used to investigate tran-
words without enough lubrication and sometimes without @njent response under dynamic loading. To understand the dynamic
solid to solid friction plays a major role. In addition, devices thalyntact of two bodies with initial velocities, the impact load must
due to their complexity or specific use cannot employ oil or arke applied in the normal and tangential direction simultaneously
other type of lubrication have to be considered, e.g., inertia wheglgd the corresponding reactions must be evaluated independently.
This methodology is in the early stages of development. Typical
'Currently at Northwestern University, Mechanical Engineering, 2145 Sheridasliding velocities investigated with this apparatus are on the order
Rd., _Evanston, IL 60208-3111, espinosa@nwu.edu, http://clifton.mech.nwu.eq”i 1-5 m/s. The Kolsky bar apparatus was also used by Feng and
~espinosa RamesH12], in the study of lubricants.

Contributed by the Tribology Division for publication in the ASMBURNAL OF : . . . - .
TRIBOLOGY. Manuscript received by the Tribology Division March 16, 1999; re- * Pin-on-disk tests, designed for low-velocity friction experi-

vised manuscript received April 17, 2000. Associate Technical Editor: J. A. Tichyments, where the kinetic friction is evaluated only in the steady
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Fig. 1 Drawing of the stored-torque torsional Kolsky Bar Apparatus. Each gauge station has full strain gage
bridge arrangement to measure torsional loads (with an alignment of 45 deg respect to the longitudinal axis of
the bar) and to measure axial load (aligned parallel to the longitudinal axis of the bar ), except for the bending
station (half bridge ) which monitors the presence of any spurious bending wave transmitted through the
specimen.

state condition, see ASM Handbopk3—15. This is very helpful torque loading system provides potentially a more progressive dy-
in understanding the mechanisms involving degradation of mateamic loading, Gilat and Pg®0]. This last configuration is the
rial surfaces in contact for a long period of time. one chosen for the design of our dynamic friction experimental
« Various other techniques, ranging from quasi-static condiechnique.

tions to very low sliding velocities, primarily used for studying A stored-energy Kolsky bar, shown schematically in Fig. 1 and
quasi-static frictional behavior; see, for instance, Anand and Toafter construction in Fig. 2, was designed and built to investigate
[16], Anand[17]. dynamic friction and compression-shear material behavior with
ecimen recovery. It is composed of two 25.4 niinin.)

. . . . . S

In this article, we start by presenting the design of a modifiegh75 16 ajuminum alloy bars. The so-called incident or input bar
K_oI;ky bar apparatus, _smtable for the investigation of dyr_lam|g 2.3 m(90.5 in) long and the so-called transmission or output
friction at sliding velocities between 1 and 7 m/s. The experlme%;;

tal methodology together with a summary of formulas, used ris 1.9 m(75 in) long. Each bar is supported along its length
interpret the experimental data, are presented. A discussion of d aligned properly. It is supported by a series of re-circulating

time evolution of interfacial friction, in several material pairs i§ | fixed-alignment bearingNA KBZI6PP) minimizing the fric-
. ; e ' ; ' i h llowing th
given. The material pairs include the following, Al 6061-T6, Tltlon resistance on the supports and allowing the bar to rotate and

ranslate freely in both directions. The compression/tension and
6Al-4V, 1080 Steel, and 4340 Steel. shear loading pulses are produced by the sudden release of the
> D ic Eriction E . ¢ stored elastic energy. This requires both torsional and
ynamic Friction Experments compression/tension actuators. The axial part of the elastic energy

2.1 The Stored-Energy Kolsky Bar. The torsional Kolsky IS produced by means of a hydraulic double acting actuator
bar, also called split-Hopkinson torsional bar, is a reliable :’:1pp§[5“erp‘3‘C RD 16pwhich applies a compressive or tensile load at
ratus for testing materials at strain rates fron? 10 1¢*s™%, In  one end of the incident bar. Its capacity is 35 kif0 kN). The
1949, Kolsky used a modified pressure bar to test thin, wafer-lif@rsional part of the elastic energy is achieved by means of a
specimens at high strain rates, see also Ko[4/8}. The loading
was accomplished by propagating a compressive wave down one
of the bars toward the specimen. Measurements of the waves
the elastic bars were made on each side of the specimen. KolslF
showed that the portion of the incident loading wave that is trans
mitted through the specimen provides a measure of the axial stre;
in the specimen, while the magnitude of the wave that is reflecte
is proportional to its strain rate.

The same general analysis applies to torsional loading with al
gular velocity and shear stress replacing axial velocity and axi
stress. By combining outputs from the strain gages on either sid
of the specimen and by integration of the strain rate versus time,
complete record of the stress-strain curve can be obtained eas
and accurately, Duffy et aJ19].

Several investigators contributed to the development of the to
sional Kolsky bar. Duffy et al[19], originally used explosive [
loading to initiate the loading pulse. This method has the advan-
tage of producing a shorter pulse rise time, whereas a stor@dly. 2 Photograph of the stored-energy Kolsky bar apparatus
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Fig. 3 (a) Lagrangian X-t diagram of friction experiment with quasi-static axial load and dynamic torque; (b) Lagrangian X-t

diagram of friction experiment with specimen subjected to a single compression-shear pulse.

hydraulic rotary actuatofFlo-Tork 15000-180-AICB-ST-MS2- wards the hydraulic actuators. The length of the bars and the
RKH-N) located along the incident bar. It is connected to the baictuators positions are selected such that the incident pulse dura-
by a 3/8 steel key. Its capacity is 1700-h (15,000 Ibin.). The tion can be transferred to the transmission bar before momentum
sudden release of the stored energy is achieved using a clagping caused by the arrival of an unloading wave, to the contact
positioned between the rotary actuator and the specimen. The dgrace from the right end of the transmission bar. This trapping
sign of the clamp is crucial for good results. The clamp must B et is identical to one used by Clifton and co-workers in the

able to hold the desired torque and compression/tension forg dy of plate impact with specimen recovery, see Kumar and

without slippage, and release the stored energy rapidly enougp : ; .
to produce a sharp-fronted stress pulse traveling towards tﬁ fton [22]. It should be noted that since the specimen consists of

specimen. two surfaces in contact, separation of the output bar leaves the

In the case of friction experiments, the axial load can be app“é@adent bar free to translate and rotate due to the effect of the
before gripping the clamp, i.e., the friction phenomenon is studid¥aves trapped in the incident bar.
under quasi-static pressure conditions and a certain amount offhe choice of applying the axial load, quasi-statically or dy-
angular velocity, or it can be applied dynamically. In the first caseamically, is based on the fact that there is a trade off which needs
upon release of the clamp, a torsional pulse, with constant ampb- be kept in mind. In fact, if the axial load is applied quasi-
tude equal to one half of the stored torque, propagates down Hiatically, high sliding velocities can be achieved by maximizing
bar towards the specimen. Simultaneously, an unloading pulsetgé stored torque. If an axial load is stored by the clamp, the
equal magnitude propagates from the clamp towards the rotgRagnitude of the storable torque decreases accordingly to avoid
and axial actuators. The torsional mechanical impedance of lgjing at the clamp pads. It should be pointed out here that in the
rotary actuator is sufficiently large, that after reflection, the U'S?:'a}se of applying the axial load quasi-statically, the reverberating

loading wave reduces the torque in the incident bar to zero a fear waves, after the main pulse, are attenuated and do not nec-
propagates back along the bar. This is proven in the characterizas ' P '

tion and calibration process of the bar, see Patarj@lia The egs_arily produce further sliding. Hence, post-exz_:lmination qf Fhe
LagrangianX-t diagram of the quasi-static axial load and sheat!ding surfaces can be made to characterize the friction
wave propagation is shown in Fig(8. In the second case, com-Mechanisms. o _
pressive and torsional waves are produced simultaneously. Théh our view, the apparatus here described is conceptually sim-
longitudinal and torsional elastic wave fronts, along the bar, aper than the one discussed by Ogaltd], and can be easily
shown in Fig. 8b). Upon release of the clamp, two waves, longiobtained through modification of the traditional Kolsky bar avail-
tudinal and shear, are propagated towards the specimen andafule at many research laboratories. Moreover, the apparatus can
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Fig. 3 (Continued. )

also be used to study shear banding and dynamic failure of afatior). An extra station is added between the clamp and the
vanced materials, with specimen recovery, when both comprésrque device to measure the stored static torque.
sive and shear pulses are applied. The specimen geometry is shown in Fig. 4. It is composed of
two disks one of which has a hollowed end. The specimen is
designed such that an uniform traction is obtained in the annular
contact surface. Furthermore, the specimen inner and outer diam-
eters are chosen such that an approximately uniform sliding ve-
c!8city is obtained.
al?ased on the above description of pre-compression, elastic tor-
nal waves and measurement stations, we can infer that the
near frictional stress in the contact area of the sample is given by

2.2 Formulas for Dynamic Friction Coefficient Calcula-
tions. We start this section by re-examining tet Lagrangian
diagram of the torsion bar as shown in FigaB The duration of
the loading pulse is the time required for the pulse to travel twi
the distance along the bar between the clamp and the torsion
actuator. The pulse duration can be varied by moving the cla
and torsional actuator positions along the incident bar. The allo

able relative separation between these devices is about(40m Toor
in.). In that case, the pulse duration can be adjusted up tqu850 7= T , (2.1)
The configuration used in our tests is set to a 280pulse. Jps

As the pulse travels down the bar, it is detected by two strajn . . .
/ > whereT is the transmitted torque, measured at gauge station G4,

gage stations on the incident bar and another one on the transgut- is the contact area polar moment of inertia anig the cen-

ted bar. Each station consists in a full bridge arrangement of fotlgrsline radius

strain-gages of 3500 (MM EA-13-250BF-350. The four strain ' o . .

gauges are located at 45 deg respect to the longitudinal axis of thd '€ angular velocitie; and 6, , of the input and output bars,

bar separated 90 deg in the radial direction one from the other, fgPreSent the angular velocities at the contact surfaces. Using the

measuring torsional waves. Four strain-gages, located parallel@gthod of characteristics, see Espinosa ef28], they can be

the longitudinal axis and separated 90 deg in the radial directigiPressed in terms of the incident, reflected and transmitted

are used for measuring the longitudinal waves. In each case, fREaues by

specific measurement is independent of any other potential load-

ing on the bar, i.e., the effect of loads different to a tor§junethe 'gi =

torsional gage statignor compression/tensiotin the axial gage JppCs

(Ti—Tr) (2.2)
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Fig. 4 Friction specimen: (a) disk attached to the incident bar;  (b) disk attached to the transmitted bar

L s,

. T wherer, andr; are the outer and inner radius of the specimen
0o=ﬁ, (2.3) contact area, respectively, ands the radius. See Fig.(&).
pPs Solving the integrals a relation between the average sliding ve-

where J,, is the polar moment of inertia of the baC is the locity and the torques is obtained, viz.,
torsional wave speed of the barjs the mass density of the bar, ) )
Tk the reflected torque, and, the incident torque. Because a _2(rgtroritri) 2(TT—TO ok
change in polar moment of inertia takes place at the sample loca- A R T JppCs (25)
tion, the above equations strictly hold when a steady state condi- ) ) ) )
tion is achieved at the sliding interface. However, elastic waJedrthermore, if the transmitted pulse is expressed as the difference
analysis shows that such effect is very small and only for a fefgtween the incident and the reflected pulses<(T,+(—Tg))
microseconds. Since the pulse duration is of a few hundred rifi¢ average sliding velocity becomes
croseconds, for all practical purposes, the change in polar moment 2 (1241 +12) 2T
of inertia can be neglected and does not affect the interpretation of po=——0o ot R
the results. This was experimentally confirmed. The reflected "3 (rotr)  JppCs
pulse starts with the onset of sliding rather than with the arrival qfh
the torsional pulse to the specimen interface, see discussion

experimental results and plot of raw signals. Additionally, W.g The relative average displacement between the surfaces in con-
have conducted an experiment in which the annular cross-sectlggt can be determined from E€2.6) upon integration as
was glued to the transmission bar. The purpose of such experi- '

ment was to identify the sole effect of the change in polar moment ft
S=

(2.6)

validity of the expressionl¢=T,+ (—Tg)) was verified ex-
& imentally by independently measuring each torque.

of inertia. In confirmation with the theoretical analysis, the ampli- v, dt, (2.7)

tude of the reflected pulse was only 3 percent the amplitude of the

incident pulse. _ o wheret is the duration of the loading pulse.
The average sliding velocity over the contact area is given by The normal stress in the contact area is determined by the static
102 — f)dr pressure applied on the specimen by means of the axial hydraulic
_Jfi 2o VR tuator. The axial load\;) is measured by a strain gage station
Ur o ) (24) ac ! . L
i rdr located before the clamp. The macroscopic normal stress is di-
rectly computed as

N N

A mET) e

on=

whereA, is the contact area.

The shear stress is computed by means of elastic wave propa-
gation theory, as it is the case in shear dynamic strength studies.
However, in this case the thin wall theory cannot be used due to
the thickness of the contact wall. For this case, replacing the value
for the polar moment of inertia of the sample in Eqg. 2.1 we obtain,

(b) 2T4r
Ts=——7—- 2.9
G @9)
Fig. 5 (a) Schematic of radial velocity distribution; (b) pres-
sure distribution, along the contact area, measured by means Then the shear stress averaged over the contact area can be

of a pressure sensitive film expressed by
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Fig. 6 Sample of roughness analysis with the atomic force microscope DI 3100A

for 7o dr rounding the mark, after the experiment. The objective was to
Ta= oy gr qualify the friction mechanisms in the pair of materials tested.

i ar To analyze the surface properties, an Atomic Force Microscope
2 (241,413 2T, (AFM) from Digital Instruments model Dimension 3100A, was
= - (2.10) used. On each tested sample, an area @ity 50 um about 50
3 (rotr)  w(ro=ri) pm from the mark was scanned. The surface profile, a three-

At this point all the variables needed to compute the frictiodimensional micrograph and the average roughness in that area

coefficient u, are defined. This coefficient is given by the ratiovere taken from each scan, in each sample. Figure 6 provides a

Ta=

between shear and normal traction, viz., sample of the scanned data and parameters taken from the alumi-
num samples. The most important values taken from the rough-
w= E_ (2.11) ness analysis, as shown in Fig. 6, are the RRg and the Ra.
On The Rms, root mean square value, is defined as the square root of

The above formulas provide a direct measurement of the qua@]‘-? devia}tiops a}nd represents the standard deviation of the asperity
static and kinetic frictional properties by using lograin histo- height distribution, Larsen-Basg4d5]. The Ra, average rough-
ries detected at the output and input bars. ness, is the mean vertical height deviation of the asperities mea-

sured from the centerline of the surface between peaks and val-
leys, Larsen-Bassd15]. In the section analysis, the most
3 Experimental Procedure important features are the profile of the section and the maximum

A static axial load is applied before the clamp is actuated fgstance b(_etween valleys and peaks. All these parameters are mea-
hold the torsional load. In this way, the surfaces of the pair red again, after the ex_perlment, _to_ examine t_he amount O.f
materials to be tested are pre-stressed with a known pressure. [Piidhness change and to infer the friction mechanisms present in
very important that the surfaces in contact constitute an annu est. . L .
with small thickness, where the torsional stress profile can heBefore clamping the incident bar, it is necessary to check that
assumed to be almost constant. In this way, an almost Constg]ﬁ.press_ure along the_contact area is unlform._'l_'hls very important
profile of relative sliding velocity along the radial direction can bgarlable in the experiment ne_eds to be verified using a non-
achieved. For this reason, the specimen geometry, as the #M&usive method to avoid altering the surface characteristics and
shown in Fig. 4, was chosen. also to avoid adding contaminant elements to the surfaces in con-

Before the test, each sample was grounded and lapped to end@éé The simplest method that meets all these requirements is the
the flatness and parallelism of their surfaces. A Lapmaster 28€ of pressure sensitivity films. These films have a layer of
lapping machine, fronCrane Co, and silicon carbide powder of micro-capsules which are broken under pressure. A color-forming
12.5 um was employed. The specimens were cleaned using MBRaterial is released, reacting with the color-developing layer to
and acetone in an ultrasonic bath for 30 minutes. After that, tigenerate a graded color scale. A Fuji Prescale Pressure Measure-
samples were marked and labeled carefully. Marking was penent Film from Fuji Photo Film Co. is used. The pressure in the
formed to allow the study of surface changes, in the area swoentact area is usually greater than 10 MPa so a medium pressure
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AlG061-T6 (RB 97) against Steel 1080 (RB 89) Friction Coefficient vs Time
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Fig. 7 Recorded data at four gauge stations

surfaces is about 1 to 2 millimeters. Geometrical parameters

scale film is used ranging from 10 MPa to 50 MPa. A samp nd surface characteristics for each sample are reported in

pattern obtained from an experiment is shown in Fign)5The APPendixA. . - .
shaded ring represents the contact area and the grade of the shaflelyPical experimental result is shown in Fig. 8. A ten moving
represents the pressure in that interface. The pattern showrPfdt average was added to the data processing procedure to re-
quite uniform. The same uniformity is kept in all the experimentﬁuce the oscillations produced by data noise. Note that no ampli-
If the pressure pattern is non-uniform, the samples have to tion or filtering is done to the original signal. This curve is

P ; : ; .abtained by processing the raw data shown in Fig. 7 using the
ositioned again or further lapped until a uniform pattern i i - ; . .
gchieved. 9 P P t%eoretlcal analysis presented in Section 2.2. The formulas given

R Section 2.2 were programmed using tB&cel '97 software

After the specimen is glued, the pressure distribution on tg ) L
contact area checked, and the surfaces cleaned, the test is GG the Microsoft Corporation in order to make the data reduc-
g process automatic.

ducted. The cleaning is performed using MEK and acetone, § . -
! ng 1 P using A couple of features can be pointed out from the frictional

eliminate any oil or grease resulting from the contact pressure A . o L
y 9 9 P onse shown in Fig. 8. Two peaks in the friction coefficient are

:C%?:ﬁsmem’ and methanol to eliminate any residues left by oﬁnd. They are marking the beginning and the end of the pulse

The contact pressure is set to the desired value by means of‘ﬂ%ere the sliding velocity is_ raising from zero to sustgi_n a con-
axial load actuator. Then, the clamp is closed and the torgint value and then decaying to reach the rest condition again.
stored to achieve the desired sliding speed. This process taki {© this behavior, the first peak represents the quasi-static co-
between 1 to 2 minutes. Hence. the materials are in contact fgpcient of friction (us) and then, after a transient time, the slid-
this period of time prior to the friction measurement. After relead?d Velocity remains approximately constant for 100 microsec-

ing the stored torsional energy, by breaking the clamp pin, tl‘éé"dﬁ prO\(/jidifngha m?asurﬁ of tPe_kin_etic(;rictic()jn C%efrf:CieM)f(];. .
signals are recorded in an oscilloscope using the incident pufagth€ end of the pulse, the velocity is reduced and the coeflicient

signal raise ramp to trigger the scope. A typical recording friction raises again towards a value corresponding o This
shown in Fig. 7. Several pulse features are worth noting. First, tigCoNd value ofis is expected to be lower than the first one due
rise time of the transmitted pulse is about 50-90 nanoseconifsthe changes on the sliding interfaces by the previous loading. In
Pulse rise times of this order are ideal to capture the onset §tM€ experiments no second peak is found. Probably because the

sliding, as will be explained later. Second, absence of an ax@iount of plasticity generated on the asperities of each surface

pulse, upon release of the clamp, is evident from the conste{ﬁf’”ces the _Su_rfac‘? roughr_1ess in such amount that the quasi-static
meashrement at gauge station. 1 ' riction coefficient is drastically reduced. This response can be

understood by studying the sliding process, Madak&dh When
4 Experimental Results and Discussion the tangential load is applied, a first elastic deformation of the
) ) asperities and the substrate takes place. It continues until the shear
‘Several experiments were conducted to study particularly terength of the junctions is reached. Shearing of the junctions now
frictional behavior of different pairs of materials such as takes place and the coefficient falls off as the strong junctions,
« Aluminum 6061-T6(RB 97—Steel SAE 1018RB 89) which were formed during quasi-static Ioa_di(igitial pressurg,
« Titanium Ti 6Al 4V (RC 33—Steel SAE 1018RB 89) .beco.me replac;ed by weak(?r ones. The. |nfl.uence of the strong
« Aluminum 6061-T6(rough (RB 97)—Aluminum 7075-T6 junctions persists over a dlstance_ that is simply related to the
(RB 61) (mirror polished average junction size. That beha\{lor is strongly affected by the
« Aluminum 6061-T6(rough (RB 97—Aluminum 7075-T6 strain rate sensitivity of the material under stgdy. Some models
(rough (RB 61) were developed in order to relate all the material properties to the
friction phenomena. However, many of them fail under certain
In each set of experiments the average sliding velocity wasnditions. An example is the modeling of plastic deformation of
measured to be in the order of 3 to 5 m/s. Based on the durationtioé surface asperities. The link between the time dependent plas-
the loading pulse, about 29@s, the amount of slip between theticity and surface friction is difficult to achieve due to the large
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Fig. 9 Schematic of two surfaces in quasi-static contact slid-

ing one against each other, Ludema [27] Dispta t [um)

Fig. 10 Friction coefficient as a function of sliding distance

number of variables involved in the friction phenomena, Madak-
son[24] and Martins et al[25]. Some models have successfully
incorporated material strain rate sensitivity on the prediction of
the friction coefficient, as described by Brechet and E@®]. ity. In the case of dynamic friction, in which the sliding velocities
These models may provide valuable tools to further understarghch several m/s, material rate dependence and thermal softening
the experimental observations here discussed. The key featureffects play a dominant role.
that the measurement shown in Fig. 8 provides insight into the The effect of sliding distance on friction depends on the nature
evolution of friction. of the initial deformation of the rubbing surfaces which is gov-

The actual area of contact between two solids in friction is onlgrned by the surface finisfioughnesg normal load, sliding ve-
a small fraction of the nominal contact area, Ludef@a#], as locity, material properties and environmental conditions, Larsen-
represented in Fig. 9. The asperities in contact, forming a junctidBasse[15]. The first stage of friction, in which a quasi-static
deform elastically until the shear stress supported by each junctighienomenon is encountered, can be easily seen in the experimen-
reaches the value of the materials yield stress. Then the foteédata shown in Fig. 10. The effect of the break down of asperi-
necessary for sliding is determined by the stress needed to shées can be observed in this plot. They basically correlate with
the junctions. In this context, the quasi-static friction coefficient isliding distanceS’. This effect is significant when the elastic part
time independent. However, early experiments, Rabinoy@&?, of the friction phenomena is taking place. After the plastic process
showed that the quasi-static coefficient is time dependent. Mostarts, the surface is deformed enough to reduce the friction coef-
over, it was suggested that this dependence is the very causdi@ént to the kinetic value.
the sliding velocity dependence of the dynamic friction coeffi- The extent of plasticity found on the contact surface, on both
cient. The average time for shearing of an asperity is inversedides of the contact interface, is a function of the mechanical
proportional to the imposed sliding velocity, BIEL3]. This aging properties of the surfaces in contact, such as surface hardness and
effect, and hence the strength of the junctions and the attainmehear strength of each material. Surface hardness is reported in
of a given friction coefficient value diminish with growing veloc-Table 1. This feature can be observed on the surface analysis of

50.0 3000.0 nm

1500.0 nm

25.0 G Dime

Digital Instruments Nanoscope

Scan size 50.00 pm
Scan rate 0.2001 Hz
Humber of samples 256
Image Data Height
Data scale 3.000 um

) o

0 25.0 50.0

1]

Fig. 11 AFM micrograph of the contact area on A16061-T6 after sliding on Steel 1080 at 3.1
m/s. Surface height is given by the bar scale in the range 0—3000 nanometers.
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Table 1 Summary of experimental results

Sliding Contact
e : Rq (RMS)
Material Pair Velocity Pressure fis] M My
nm,
[mis] [MPa]
T
ALCOSTTOST (RE57) 311958 | 37,5840 s 0.421097 | 3300
Steel 1080 (RB 89) 504,397
Ti GAI-4V(RC 33) FaL91me™
3.375%3 | 3509659 L —— 035004 | 259005
Steel 1080 (RB 89) 472.82%
TEOT)
AlSOSITEST (RE57) 345707 | 43,4280 52949 0.40500% | p 4150057
Al 7075-T6 {mirrar} (RE 61} 27,1209
T
MOSITSNRET) | 5 g0 | 34 gggom | 49651 0466004 | 0342000
Al 7075-T6 froughi (88 61} 441,585

Inage Statistics

§'. Inug, 2 range 2.877 1
-~ Ing, Bws C(Rq) 410.01 nm
Img. Ra 317.59 nw

Al 6061-T6 (Before) (Ra=317.59 nm)

Image Statistios

Img. 2 range 3.933 pu
Img. Rms CRq) 527.00 nm
Tmg. Ra 426.52 nu

mpn

Steel 1080 (Before) (Ra=426.52 nm)

tested samples, in which the harder material, i.e., the one with the
higher flow stress, presents significantly less plastic deformation
than the softer material. The plastic deformation is found as
scratches left by the asperities of the harder material in the contact
area, see Fig. 11. Grooves generated due to the plowing of asperi-
ties and blunting of asperities peaks are also observed. This be-
havior is illustrated in Figs. 12—14, where the contact area of each
pair of tested materials is shown with their characteristics before
and after the experiment.

A careful examination of the AFM data presented in Figs. 12,
13, and 14 reveals how material properties change the frictional
behavior of the interfaces, and how friction can alter the surfaces
in contact. For example, in the case of Fig. 12, the Al 6061-T6

.

P
(-]

e S Inage Statistios
§ Ing, Z range 2.384 pm
=& Img, Rws CRq) 318.17 nm
L Ing. Ra 228.668 nm

0 25.0 50.0
50.0
-25.0
“+0
.0
=

Al 6061-T6 (After) (Ra=228.66 nm)

e
g.
e ok \E
“Image Statistics
2 Ing. Z range 1.578 pm
81 Ing. Rus CRq) 180.76 nw
' Img. Ra 127.35 nu
[ 10.0 20.0 30,0 40.0

Steel 1080 (After) (Ra=127.35 nm)

Fig. 12 Surfaces characteristics before and after the experiment. Al 6061-T6 sliding against Steel
1080 at 3.1 m/s. Image statistics performed along black lines.
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Fig. 13 Surfaces characteristics before and after the experiment. Ti 6Al-4V sliding against Steel 1080
at 3.75 m/s.

surface undergoes plastic deformation leading to a reduction 1880 Steel. In the titanium sample, asperities boundaries almost
overall roughness of about 28 percent its original value. The 1088contaminated are seen. The peaks are flattened with a signifi-
Steel seems to have more roughness reduction, and it also shoast change in asperity distribution. This blunting effect can be
incrustations left by the Al 6061-T6 in-between asperities. Thigttributed to the normal pressure applied in the contact area before
leads to an overall roughness reduction of about 70 percent. Thigling takes place. The average pressure, in the contact area, is of
significant reduction in roughness is due to the plowing of aspethe order of 30 MPa. However, at the peaks of the asperities this
ties in the aluminum, which coats the steel, mostly at surfasmlue is increased by the stress concentration introduced by the
valleys. The Al 6061-T6 flow stress is smaller than the 1080 Stestharp ends reaching values in excess of the material flow stress.
flow stress, and, hence, its asperities are easily plowed away fr@n the other hand, looking at the steel side, almost all the asperi-
the contact area while sliding occurs. In the case of the Ti 6Ales were sheared off leaving a smoother surface. This was ex-
4V-1080 Steel paifFig. 13, the variations on surface propertiegpected because the yield stress of the tested 1080 steel is almost
in the titanium side are not as significant as the ones found in tlieee times smaller than the one found for Ti 6Al 4V. Finally, in
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Fig. 14 Surfaces characteristics before and after the experiment. Al 6061-T6 rough sliding at 3.1 m Is
against Al 7075-T6 mirror polished.

the last example, Fig. 14, the amount of change found in thiata is presented taking the average value found in every particu-
mirror-polished Al 7075-T6 surface is large when compared witlar set of experiments. The computed standard deviation is given
its original state. There are a large number of scratches generatetiveen parentheses. The complete data set for each experiment is
by the asperities of the other sliding surface on the mirroreported in Appendix A. The scatter found in the data can be
polished surface, which roughness is more than 10 times the origitributed to the many variables involved in the experiment, but
nal value. This particular case will be discussed in more detaifter several experiments a clear trend can be drawn for each pair.
later in this section because of the observed peculiar time evolihe deviation falls in the order of 10 percent which is acceptable
tion of the friction coefficient. for engineering applications. Moreover, the quasi-static friction

A summary of experimental results together with the parancoefficients obtained are in agreement with data reported by dif-
eters obtained for each type of experiment is listed in Table 1. Therent investigators using other test methods.
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Friction Coefficient vs Time with the one found using the Kolsky bar experimental technique.

07 For example, for Al 6061-T6 sliding on steel, Blau reporfed
' ~0.48 and au,~0.38. In the case of Ti 6Al-4V Blau reported
06 1ns~0.36 andu,=~0.32 and for the Al 6061-T6 sliding against

aluminum he reported as~0.42 andu,~0.34. All these values
were found using a test geometry of a flat surface sliding against
another flat surface. Madakasfi?i7], reported gus~0.52 for Al
7075-T6 sliding on Al 6061-T6 using a pin-on-disk configuration.
In conclusion, the values determined using the modified Kolsky
bar fall in between the scatter reported in the literature proving the
new methodology satisfactory.

One important feature on the time evolution of the friction co-
efficient was found in the case in which one of the surfaces in
contact was mirror polished. In this case, our experiments show
that the quasi-static friction coefficient is smaller than or almost
equal to the kinetic friction coefficient. This behavior is related to
the lack of large asperities in the mirror-polished surfdas
shown in Fig. 14. A R, of the order of 30 nm was measured for
Fig. 15 Friction coefficient versus time for Al6061-T6 sliding at the_ Al 7075-T6 disk. It can be expecteq that tl’_]e hl_story of contact
3.1 m/s on Al7075-T6 mirror-polished points, between surfaces in contact, differs significantly from the

case in which both surfaces are rough and have similar values of
R, . An example of suchu-time history is shown in Fig. 15 for

The measured time evolution of the friction coefficients can &€ tribo-pair Al 6061-T6/Al 7075-T6. The generation of grooves
compared to friction coefficients reported in various reference@ the Al 7075-T6 surface can be clearly observed in Fig. 14.
Blau [13], Rabinowicz[28,29. The friction coefficient between Figures 16a) and (b) show optical micrographs of the alumi-
solids under non-zero normal force is a function of several factopgm surfaces after the tests. Figuréal@orresponds to the test in
whose relative contributions vary on a test-by-test basis makiddiich the Al 7075-T6 is mirror polished and Fig. (b§ corre-
difficult the homogenization of the reported values. The fact thaponds to the case in which the Al 7075-T6 is rough-finished. In
the obtained quasi-static friction coefficients are within the rangbe case of the mirror-polished surface, it can be seen how the
reported in the literature shows the validity of the procedure hereugh Al 6061-T6 asperities plowed the polished Al 7075-T6 sur-
presented. One should be aware of the shortcomings in compariage. These imprints are the origins of the scratches generated
friction coefficients obtained by various investigators. Values ravhen the sliding process starts, see Fig@l6The Al 6061-T6
ported by Blau13], in the ASM handbook suggest a good matchough surface shows almost no variation in morphology, only a
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= found after
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Al 7075-T6 Mirror Polished @ Al 6061-T6 Rough

© 200 pm
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: the test

B b

Al7075-T6 Rough Finish ®) Al 6061-T6 Rough

Fig. 16 Friction surfaces for AI6061-T6 sliding against AlI7075-T6 mirror-polished and
rough-finished
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small reduction in roughness can be measured. No deep scratchéhe experimental technique discussed in this paper can address
can be seen in its surface. The same behavior was found in all twth dynamic friction and shear band instabilities, which are
samples studied where one of the surfaces was mirror polishedesent in high speed machining processes of hard metals. The
When the same pair of materials is tested with both sides haviogtting action of material during machining is a process in which
similar roughness, the value of the quasi-static friction coefficieohip generation, material imperfections left on the workpiece and
departs from the kinetic ongus~0.466, 1 ~0.342 at 3.22 m/s, wear of the tool are very important problems in industry. By ana-
reported in Table 1 The quasi-static friction coefficient is higherlyzing the shear behavior of the material to be machined at high
than the one encountered for the case discussed previgugly strain-rates, the parameters needed for optimum chip breakdown
~u~0.41 at 3.45 m/s This change in the friction coefficient can be understood. Furthermore, parameters needed for increasing
takes place because the friction mechanism changes when kot life and surface integrity can be determined by the analysis of
surfaces are rough. The interlocking mechanism results in a higfiectional behavior of material pairs in dynamic contact.

1s. When the shear stress produced by the shear wave, reaches a

value close to the material flow stress, the asperities are p|0WAdknowledgments

and sheared reducing the frictional coefficient. This can be seen |r1|_h. h d by the National Sci Found
the micrograph shown in Fig. 16). Here, no new asperities are_. Is research was supported by the National Science Founda-

P through Career award No. CMS-9624364, by ONR-Young
generated. By contrast, some are eliminated. Both surfari%@ .
showed a marked deformation with holes left by imprints antvestigator Award No. N00014-97-1-0550, and by the Army Re-
rch Office through MURI grant No. DAAH04-96-1-0331. Mr.

tch f th itude in both surf . Thi .
scraiches of the same magnituce in bot suriaces 1S exa atanella was supported by the YPF S. A. Foundation through a J.

shows the importance of roughness and plasticity in the fricti X :
phenomena and how it can affect the frictional response of a pér Estenssorc_) Fellowshlp. The a_uthprs wou_ld like to th_ank Amos
llat for providing very valuable insight during the design of the

of materials in contact. .
Many parameters can be varied to study the frictional behavisP!Sky bar and the friction set up.

of materials. Various combinations of sliding velocities, pressur@ynandix A

and roughness of the surfaces need to be tested. The paramet rg, ] ] ] ) )

in all the conducted experiments, were kept in a narrow range inDuring the review of this manuscript, Rajagopalan ef3a@],

order to investigate the repeatability of the measurements apidblished an article describing a technique similar to the one dis-

roughness effects. In this way, the measured friction coefficierigssed in this paper. However, the techniques differ in a number

were compared with values reported in the literature, to valida® key features. The approach here presented ensures better repro-

our experimental approach. In-depth frictional studies in other agucibility, high quality signals, and the use of the standard Kolsky

vanced materials will be reported in future publications. bar commonly employed for high strain rate studies in many labo-

ratories. No additional alignment fixtures that prevent an easy

. verification of the planarity of the surfaces in contact, prior to the

5 Conclusions execution of the experiments, are needed. Furthermore, Rajago-
A new testing technique was developed by modifying the Kopalan's technique resulted in high time variations in the reported

sky apparatus. A dynamic shear stress and a static pféction coefficient histories, see Figs. 14, 15 and 16 in his Wear

compression are applied, independently. This leads to a unicaicle. Variations in friction coefficient as high as 100 percent are

capability to investigate the dynamic friction of several types aibserved at quite uniform sliding velocities. The time resolved

industrial processes and ballistic penetration. Stress wave profigtion coefficient, measured by Rajagopalan e{30], does not

gation of a torque stored in the input bar, traveling through theapture the onset of slidin@juasi-static friction coefficientand

specimen towards the output bar, was analyzed and experim#re transient to an almost constant sliding velocity as reported in

tally verified. During the verification process, dynamic frictiorthis paper.

studies of Steel, Aluminum and Titanium alloys were carried out. The authors would like to mention that Professor J. Duffy, from
The normal and tangential forces were directly and indepeB+own University, performed friction experiments using a Kolsky

dently recorded by the measurement of the incident, reflected daesional bar and quasi-static compression in 1989. The results

transmitted pulses in the input and output bars. Thus, givingo®tained in his pioneer work lacked reproducibility and therefore

direct reading of the sliding speed and friction coefficient. Theere not published. Nonetheless, they served as inspiration for the

quasi-static and kinetic friction coefficients for various materid¢echnique and results here reported.

pairs were obtained. The kinetic friction coefficient was obtained . . . . .

in a range of sliding velocity up to 7 m/s for different contact:PPendix B: Specimen dimensions, roughness, and fric-

pressures. Short sliding distand@sto 2 mm permit the study of tion data

the surfaces, on the recovered samples, providing insight into thergpies 2-6 follow.

early frictional mechanisms. The velocity dependence of the fric-

tion coefficient and its relationship with the strain rate sensitivity

of the materials was inferred from the experimental measurgable 2 Surface roughness for Aluminum 6061-T6 sliding

ments. In the investigation here reported, the contact pressuregginst Steel SAE 1080

applied quasi-stati_cally to b(_e able to rn_aximize the applie_d torqu Contatline R T
and hence maximize the sliding velocity. However, as disCUSS| & | Material | Radius C"““"“: can| e
. . . ) i
previously, for the recovery of specimens subjected to a sing g, [ it || et
shear pulse, the simultaneous generation of both axial and t T EOEI 646 | 4510
sional waves is needed. In this way, microscopy studies pg ! 0o 11.07 e A e R
formed on the surfaces in contact can be correlated to the mt
. L. . . . . Al 6061-T6 362.44 286.03
sured dynamic friction coefficient without ambiguity. B 1.095 | 22616
The modified Kolsky bar was validated performing experiment sag0 il i
in similar materials that other researchers previously studied usi| , [A&6LT6 | oo o o0 | 46151 | 35704
different techniques. In this study, sliding velocities in the rang SAE 1080 25903 | 23277
1-7 m/s were achieved. These sliding velocities are particulal P P e U
relevant to high speed machining, metal forming and other fa SAE 1080 ’ ' 52700 | 42652
deformation processes. The quasi-static and dynamic friction ¢ e 3060 | #39.03
efficients obtained in this investigation are in agreement with va| 5 |- R e

ues reported in the literature.
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Table 3 Surface roughness for Aluminum Al 6061-T6 sliding

against Al 7075-T6 mirror polished

Centerline Surface Surface
Contact
# Material Radius Roughness | Roughness
Area [mm’]
[mm] (Rq} [nm] | (Ra) [nm]
AlG061-T6 650.35 | 53347 e
1 11.545 166.84
Al T075-T6 30.348 2254
Al G061-T6 35965 | 27692 SR
2 10.48 168.23
Al 7075-T6 30.30 2503
Al B061-T6 523.76 424.64
3 10.815 148.77
Al TOT5-TH 23.62 19.14
Al 6061-T6 545,75 436.99
- ) B S 10.81 174.55
ALT075-T6 29.64 23.72
Al 6061-T6 578.59 468.04
5 10.937 176.275
ALT075-T6 2582 20.89

Table 4 Surface roughness for aluminum Al 6061-T6 sliding
against Al 7075-T6 rough finished

Centerline Surface Surface
Contact
# Material Radius ;. | Roughness | Roughness
Area [mm’]
[mm] {Rq) [nm] | (Ra) [nm]
Al 6061-T6 412,15 384.03
1 1112 222.58
ALTOTS-TH 433.47 365.72
Al 6061-T6 458.95 403.21
2 11.11 220.38
Al T075-Tt 449.65 398.83
Al 6061-Th 523.76 424.64
3 11.07 22377
Al TO75-T6 517.03 460.13
Al 6D61-TH 422.64 406.99
4 11.08 226.06
Al TOT5-TE 395.20 350.27
Al 6D61-TH 515.05 468.04
5 11.06 227.23
ALTO75-T6 412.56 372.68

Table 5 Surface roughness for Titanium Ti 6Al-4V sliding
against Steel SAE 1080

Centerline Surface Surface
Contact
# Material Radius Roughness | Roughness
Area [mm']
[mm] (Rg) [mm] | (Ra) [nm]
Ti 6Al4V 343.74 283.03
1 11.175 22047
SAE 1080 448.55 344.63
Ti A4V 424.32 330.34
2 11.175 22047
SAE 1080 543.35 422,32
Ti GAI4V 50345 388.49
3 10.965 234.24
SAE 1080 365.03 288.29
Ti A4V 336.30 264,34
4 11.21 21341
SAE 1080 532.51 426.50
Ti 6Al-4V 527.46 409.26
5 11,005 230.25
SAE 1080 458.28 363.77

Journal of Tribology

Table 6 Friction experimental results

Shding Vel | ContPress | Rg (Mov.)| Rg(Fix) By M
6.9 38.89 614.62 | 451.83 031 ==
32 31.89 36244 | 63236 0.45 0.35

Al 6061-T6 33 31.28 | 461.51 | 259.03 | 037 0.33
Sliding against 42 26.18 | 41001 527 0.47 ==
Steel 1080 28 3227 530.6 | 567.69 037 02
2.1 56.2 4512 | 51235 | 047 0.37

3l 46.4 524.3 | 580.52 0.51 04

Mean Value 3116 37.587 | 479.24 | 504.397 | 0.4214 0.33

Std. Deviation 0.685322 | 10.45972 | 84.1938 | 122.282 | 0.07198 | 0.07714

Sliding Vel | Cont.Press | Rg (Mov.)| Rg(Fix) B Wy
3.75 29.535 | 343.74 | 448.55 0.4 0.32
35 42.44 | 42432 | 54335 0.3 0.18

Ti 6Al-4V
31 31.667 | 506.45 | 365.03 | 0.32 0.21
Sliding against
3.1 37.93 3363 | 532.51 0.41 0.3
Steel 1080
3 41.824 | 527.46 | 458.28 | 0.36 0.275
38 32.56 5132 | 489.23 | 033 027
Mean Value 3.375 35992 | 441.911 | 472.825 | 0.3533 | 0.2591

Std. Deviation 0.354612 | 5504941 | 86,7948 | 65.1549 | 0.04457 | 0.0537
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