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Introduction manner. In contrast, dynamic compression does not involve slid-
Iigng, SO thgt each point in a contact_is subjectgd to dyna_mic com-
frgssion in an in-phase manner, i.e., all points experience the
meaximum compressive stress in a cycle simultaneously and all
Oints experience the minimum stress in a cycle simultaneously.
a result, correlation is possible between the effsety the
ntact electrical resistance at the contactd the dynamic stress

Tribology is related to the mechanical interaction of material
in contact. The consequence of the interaction can be mechan
deformation, the loss of material, the damage of material and t
change of the interfacial microstructure and composition, as ¢
ventionally observed by weight loss measurement, microsco
and mechanical testing. These methods typically involve observa- . ) . : . ; e
tion after rather than during the mechanical interaction, due to tl grng _dyn_amlc loading. This corre_latlon aII_ows identification of
experimental difficulty of observation during the interaction. Ob- € point in a stress cyple at which certain effect occurs, and
servation during the interaction is valuable for detecting the r&10"€OVer allows distinction between reversible effe(@tﬁe_cts,
versible and irreversible effects, whereas observation after the W—Ch as elastic deformation, which vams_h upon unl_oa)dmgj_
teraction allows detection of irreversible effects only. Arrever5|ble effects(effects, such as plastic deformation, which

nondestructive monitoring technique that provides information f§Man upon unloading Therefore, by studying the effect of

real time during dynamic loading is desirable. Microscopic examflynamic compression rather than dynamic shear, this paper pro-

nation of the interface viewed at the edge cannot effectively préideS new information on the tribology of engineering materials,
vide interfacial information, though it can be nondestructive argPecifically graphite and concrete. Previous tribological work in-
be in real time. Microscopic examination of the interface surfac¥9!Ving electrical resistance measurement mainly pertained to dy-
after separation of the contacting elements can provide micf@Mic shear, i.e., wear and frictigd—6], although static com-
structural information, but it cannot be performed in real time. Rréssion was also addresdeqg]. _ _
nondestructive method which is amenable to observation during! "€ technique used in this work is contact electrical resistance
the mechanical interaction is electrical measurerfieng], in this  Mmeasurement during dynamic compression below the yield stress.
case the measurement of the contact electrical resistance of fhivolves simultaneous electrical and mechanical measurements.
interface. The technique requires that the elements in contact are electrically
Wear or abrasion involves subjecting each point of a surface §gnducting. The contact resistance of the interface between con-
dynamic shear. Studies of wear or abrasion are commonly cd@cting elements can be conveniently measured by using the ele-
ducted by monitoring the effect over an area rather than that af¢nts as electrical leads—two for passing current and two for
fixed point. For example, in wear testing using the pin-on-disyoltage measuremeite., the four-probe methodas provided by
configuration, the tip of the pin is continuously moved against tH¥0 elementgbeams that overlap at 90 degFig. 1). The volume
surface of the disk, so that different points on the disk are suftSistance of each lead was negligible compared to the contact
jected to stress at different times and the effect of dynamic shéggistance of the junction, so the measured resistarcevoltage
and the stress variation within a cycle of dynamic shear at a p&vided by currentwas the contact resistance. The contact resis-
ticular point of the surface are not monitored. Even if the effect dfnce multiplied by the junction area gives the contact resistivity,
wear or abrasion is monitored in real time, say by measuring thdich is |nd_ependent of the junction area and describes the struc-
contact electrical resistance at the sliding contact between the Bife of the interface. o . _
and the disk, the monitoring does not allow correlation of the Due to its electrical conductivity, thermal conductivity, oxida-
effect (say the electrical resistancat a point with the dynamic tion resistance and wear resistance, graphite is used as an electri-
stress at the point within a stress cytlee dynamic stress is to be cal contact material, particularly in sliding conditions, as encoun-
distinguished from the stress amplitud@his difficulty with wear tereéd by brushes for electric motors and other devices and by
or abrasion studies stems from the fact that wear or abrasion f{ding electrical contacts for trams and other electric vehicles
volves one element sliding against another, so that different poihts~16l- To further improve the conductivity, copper impregnated

in a contact are not subjected to dynamic stress in an in-phe@@p_hite may be usefil7,18. Because of this application, the
quality of graphite-graphite electrical contacts over time under
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C percent-offset yield strength is 25.8 MPa, as measured in this
work by compression testing using a rectangular sample of size
- 11.8x11.1 mm perpendicular to the stress direction and 12.9 mm
in the stress direction and using an attached strain gage for mea-
suring the strain in the stress direction. The electrical resistivity is
2x1072Q.cm, the density is 1.46 g/cnand the shore hardness
is 30, according to the manufacturer.
The graphite was cut into rectangular strips of length 7.9-8.2
+ Top mm, width 7.0—7.8 mm and thickness 4.2 mm by using a diamond
B saw. The surfaces of the strips were mechanically polished by
using 600-grit sandpaper, followed by washing with flowing water
l for the purpose of cleaning. Two strips were allowed to overlap at
90 deg to form a nearly square junction of size 7.9-8.2 mm by
__||_____ _____ 7.0-7.8 mm, as illustrated in Fig. 1. The junction was the joint
under study. After mechanical testing at each compressive stress
amplitude (as described belowthe sample surfaces were pol-
Bottom ished and cleaned again, so that testing at each stress amplitude
D was conducted on freshly prepared surfaces.

Y. N |

2

Concrete. This study used cement mortéawith fine aggre-
gate but no coarse aggregaiestead of concretéwith both fine
and coarse aggregajeslowever, the interfacial effects should be
quite similar for mortar and concrete.

The cement used was Portland ceméhype I) from Lafarge

trical contact under mechanically loaded and unloaded conditio (Southfield, M). The fine aggregate used was natural sand
and how these effects depend on the stress amplitude and r??ép' . A gareg : . X
as passing #4 U.S. sieve, 99.9 percent,BiGhe particle size

number of loading cycles. nalysis of the sand is shown in Fig. 1 of REE9]; no coarse
Many concrete structures involve the direct contact of ong ri; ate was used. and the san d/cghent ratio Wés 1.0. The water/

cured concrete element with another, such that one element exgﬂr‘%er?t ratio was 0‘35 A water-reducing agéﬁAMO.L.SN

static pressure on the other due to gravity. In addition, dyna ohm and Haas Co., Philadelphia, PA; sodium salt of a condensed

pressure may be exerted by live loads on the structure. An hthalenesulphonic agisvas used in the amount 1 percent of
ample of such a structure is a bridge involving slabs supported epcement weight P

columns, with dynamic live loads exerted by vehicles traveling o - . . . . .
the bridge. Another example is a concrete floor in the form %{AAII ingredients were mixed in a Hobart mixer with a flat beater.

Fig. 1 Sample configuration for contact electrical resistance
measurement

slabs supported by columns, with live loads exerted by peo ter pouring into molds, an external vibrator was used to facili-

walking on the floor. The interface between concrete elements t %Ee clompactlc:jn an% ddec;;aase tr?e %mrc])unt of g'r bubbl_es. The
are in pressure contact is of interest, as it affects the integrity a %rlnp es Kvere.d.emoooe arter ?4 Zgnd then cured in a moist room
reliability of the assembly. For example, deformation at the inte [e_l_?]t've :;‘m' |ty=f1 E[)ercg[r_)t orh d bays. hanicall lished
face affect the interfacial structure, which can affect the effective- GSO?ur.tacesdo mortar s rr']PSh fl\q een mec Snlcg y g%ls e_
ness of load transfer between the contacting elements and % grit sandpaper, in which thé average abrasive SIt par

o . : 2l size was 25%m. Two recangular strips of mortar of similar
affect the durability of the interface to the environment. Moreovegirze and shapé90.0<14.0<13.3mm and 95.814.2x13.9 mm

re allowed to overlap at 90° to form a nearly square junction
.9x13.3 mm as illustrated in Fig. 1. The junction was the joint
nder study.

deformation at the interface can affect the dimensional stability
the assembly. Of particular concern is how the interface is affect
by dynamic loads.

In this paper, we have used contact electrical resistance mé
surement to monitor pressure contacts in real time during dynamicTesting. Uniaxial dynamic compression was applied at the
pressure application. As the surface of a material is never pginction in the direction perpendicular to the junction, using a
fectly smooth, asperities occur on the surface, thus causing #@ew-action mechanical testing systéintech 2/D, Sintech, Re-
true contact are at the interface to be much smaller than the geearch Triangle Park, NCwhile the contact electrical resistance
metric junction area. As a consequence, the local stress at gfethe junction was measured by using a Keithley 2002 multim-
asperities is much higher than the overall stress applied to téer. Copper wires were applied around the strips together with
junction. The greater the true contact area, the lower is the contaitver paint to serve as electrical contacts. A DC current was ap-
resistance. Deformatiofflattening of the asperities, as caused byplied from A to D (Fig. 1), so that the current traveled down the
the high local stress at the asperities, increases the true conjagttion from the top strip to the bottom strip. The voltadpe-
area. Increase in the number of asperities that contribute to maéleen B and C, Fig. Jldivided by the current yielded the contact
ing contact also increases the true contact area. Therefore, f@€istance of the junction. The crosshead displacement during load
interfacial structure is changed. The contact resistance providggling was typically up to Gum.
information on the interfacial structure, particularly in relation to
the deformation at the interface. By monitoring the contact resiResults and Discussion
tance in real time during loading and unloading, the extent, revers- . . o )
ibility and loading history dependence of the deformation at vari- Graphite. Figure 2 shows the variation of the contact resis-
ous points of loading and unloading can be investigated, thifce with stress during cyclic compressive loading at a stress
providing new information on the structure and dynamic behavigmplitude of 0.35 MPa. In every cycle, the resistance decreased as

of the interface. the compressive stress increased, such that the maximum stress
corresponded to the minimum resistance and the minimum stress
Experimental Methods corresponded to the maximum resistance. During cycling, the

minimum resistancgat the maximum stregsremained at the

Graphite. The graphite used in this work is electrographiticame level and the maximum resistartae the minimum stregs
carbon of Grade EG389Ffrom Carbone of America Corp., did not show any systematic change. Since graphite essentially
Boonton, NJ. The flexural strength is 16.5 MPa, according to theoes not undergo oxidation at room temperature, the contact re-
manufacturer. The compressive strength is 32.6 MPa and the 8i®ance variation is attributed to the change in contact area. Upon
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Fig. 2 Variation of contact resistance with time and of com- Fig. 4 Variation of contact resistance with time and of com-
pressive stress with time during cycling compression of a pressive stress with time during cycling compression of a
graphite-graphite contact at a stress amplitude of 0.35 MPa graphite-graphite contact at a stress amplitude of 1.4 MPa

compressive loading, more contact area was created, thus the d8Ace at zero stress in Figs. 3 and 4 is attributed to the plastic
tact resistance decreased; upon unloading, the reverse occurfigfiormation at the asperities during loading. When the stress was
This means that, at this stress amplitude, elastic deformatit#inoved, the contact area at asperities did not return to the initial
dominated the overall deformation. Although the stress at the syplue. In Fig. 3 the gradual decrease means that plastic deforma-
face asperities could be higher than the yield stress of graphite, tifth occurred progressively upon cycling, due to the intermediate
significant plastic deformation on the surface occurred. The cdgvel of the stress amplitude; in Fig. 4 the abrupt decrease means
tact resistance ranged from 0.007 to 0Q22 that plastic deformation essentially occurred only in the first load-
The stress amplitude in Fig. 3 is 0.7 MPa, which is higher thdRd cycle, due to the higher stress amplitude. The leveling off of
in that in Fig. 2. The resistance changed similarly at the two stre resistance is attributed to the attainment of the maximum
amplitudes, except that, in Fig. 3, the contact resistance at z&gount of plastic deformation at the corresponding stress ampli-
stress decreased gradually upon cycling for about eleven cyclege. The higher stress amplitude, the smaller was the leveled off
before leveling off. The leveled-off resistance ranged from 0.002sistance and the smaller were the contact resistances at maxi-
to 0.030Q). mum and zero stresses; the higher the applied stress, the smoother
Figure 4 shows the contact resistance change at the stress @s the surface upon loading, the less was the room for the con-
plitude of 1.4 MPa. The resistance at zero stress essentially td@kt area to be further decreased by loading, and the more was the
only the first cycle to level off. The leveled-off contact resistanceontact area at maximum or zero stress.
ranged from 0.001 to 0.01Q. The resistance at the maximum stress remained the same upon
The highest stress amplitude of 1.4 M@auch lower than the cycling at all three stress amplitudes; so did the shape of the
yield strength 25.8 MPacorresponded to a strain of 0.14 percentiesistance versus time curve of a cycle. This is due to the domi-
according to the compressive stress-strain curve. For the sampéce of elastic deformation in the loaded state.

thickness(4.2 mm) used for measuring the contact electrical re- Concrete. Figure 5 shows the variation in resistance and

sistance, this strain corresponded to a dimensional chishgek- stress during cyclic compressive loading at a stress amplitude of

agel.oft?l p#m. Thus, the displacement associated with Figs. 2-445, \ipa. The compressive strength of the mortar was 64
negligible.

5 . . :
Although the stress amplitudes used were all much below t_élePg’(észfgtﬁ]rrIZEge:y T?]OemE;I?eSS?SIYSGtretl?nS“zgrvgfxv?;s a

%"eld streng:th,t_th% I?cal SE'GSS _?rt] asdperltles Coﬁl?hbe h'gth etnOLQFbight line up to failure. In every cycle, the resistance decreased
0 cause piastic detformation. 1he decrease of the contact réyls+e compressive stress increased, such that the maximum stress
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Fig. 3 Variation of contact resistance with time and of com- Fig. 5 Variation of contact resistance with time and of com-
pressive stress with time during cycling compression of a pressive stress with time during cycling compression of a
graphite-graphite contact at a stress amplitude of 0.70 MPa mortar-mortar contact at a stress amplitude of 5 MPa
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8 16 Conclusion

o 7 - 1 ~ " Contact electrical measurement during cyclic compression was
9 6 - H L 12 g effective for studying the tribology of graphite and cement mortar.
g = r - Elastic deformation and plastic deformation at asperities were dis-
g £ 51 3 tinctly observed through the reversible and irreversible decreases,
® 5 4- -8 @ % respectively, of the contact resistance upon loading. Elastic defor-
%o 3. § < mation was dominant at the maximum stress. Plastic deformation
g z =3 progressed and then saturated upon stress cycling. In the case of
o 2 4 -4 % cement mortar, debris generation was probably the cause for the
© 1 4 V v v v v V v v V o increase of the contact resistance as stress cycling progressed.
0 r r 0
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