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Material contacts under cyclic compression,
studied in real time by electrical resistance
measurement
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Contacts of similar materials under cyclic compression below the yield stress were studied
in real time by measurement of the contact electrical resistance. For all materials studied
(steel, aluminum, copper, polymer and cement mortar), the contact resistance decreased
upon loading in every load cycle. The resistance at the minimum stress of a cycle
decreased upon load cycling for steel (at a sufficiently high stress amplitude),
polymer-matrix composite and mortar due to plastic deformation at asperities, but
increased upon cycling for aluminum and copper, probably due to surface oxidation and/or
strain hardening. For steel and aluminum, the resistance at the maximum stress of a cycle
increased upon load cycling, probably due to oxidation and/or strain hardening, and it took
more stress for the resistance to decrease in a cycle as cycling progressed, probably due to
strain hardening. For the polymer (thermoplastic), it took less stress for the resistance to
decrease in a cycle as cycling progressed, probably due to enhancement of the molecular
orientation perpendicular to the stress. For the mortar, the minimum resistance at the
maximum stress increased slightly as cycling progressed, probably due to debris
generation. © 2000 Kluwer Academic Publishers

1. Introduction plastic deformation or even local debris formation, thus
Different pieces of materials, whether similar or dissi- causing irreversible effects to the contact, even though
milar materials, can be brought into direct contact with-the applied stress is below the yield stress. Therefore,
out bonding at the interface. Such contacts are comstudy of contacts during dynamic compression is of
monly maintained by using a static pressure, so thepractical and fundamental interest, though it has re-
are called pressure contacts. The static pressure may beived little prior attention. On the other hand, much
an externally applied pressure or simply pressure dugrior attention has been given to contacts during dy-
to the weight of the top piece on the bottom piece of thenamic shear, due to the relevance to wear and abrasion.
assembly. Examples of such contacts are (i) the contafdynamic compression is expected to cause more sub-
between a fastener (such as a rivet) and a componetie effects than dynamic shear, since shear is associated
to be fastened (such as a plate), (ii) the contact bewith a tearing action.
tween a concrete slab and a concrete column in a bridge Wear or abrasion involves subjecting each point of a
structure, and (iii) the contact between a metal clip andsurface to dynamic shear. Studies of wear or abrasion
a metal wire, as encountered in making an electricaiire commonly conducted by monitoring the effect over
connection. an area rather than that at a fixed point. For example,
Connects are often subjected to a dynamic pressuré) wear testing using the pin-on-disk configuration, the
which can be due to fastening (loading) and unfastenindjp of the pin is continuously moved against the sur-
(unloading) in example (i), due to live loads from ve- face of the disk, so that different points on the disk are
hicles traveling on the bridge in example (ii), and duesubjected to stress at different times and the effect of
to clipping (loading/connecting) and unclipping (un- dynamic shear and the stress variation within a cycle
loading/disconnecting) in example (iii). The dynamic of dynamic shear at a particular point of the surface are
loading is commonly assumed to have no irreversiblenot monitored. Even if the effect of wear or abrasion
effect on the interface or the contact quality due to theés monitored in real time, say by measuring the contact
low load level involved. However, this assumption mayelectrical resistance at the sliding contact between the
not be correct, since the mating surfaces are usuallpin and the disk, the monitoring does not allow cor-
not perfectly smooth and the stress encountered by theelation of the effect (say the electrical resistance) at
asperities at the interface is much larger than the over@ point with the dynamic stress at the point within a
all applied stress. The high local stress may cause locatress cycle. (The dynamic stress is to be distinguished
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from the stress amplitude.) This difficulty with wear B+
or abrasion studies stems from the fact that wear ol
abrasion involves one element sliding against another
so that different points in a contact are not subjected
to dynamic stress in an in-phase manner. In contrast
dynamic compression does not involve sliding, so that
each pointin a contactis subjected to dynamic compres
sion in an in-phase manner, i.e., all points experience Bottom
the maximum compressive stress in a cycle simultane
ously and all points experience the minimum stress in g,
cycle simultaneously. As aresult, correlationis possible
between the effect (say the contact electrical resistanc

at the contact) and the dynamic stress during dynamic
loading. This correlation allows identification of the
point in a stress cycle at which certain effect occurs,
and moreover allows distinction between reversible ef-
fects (effects, such as elastic deformation, which vanist
upon unloading) and irreversible effects (effects, suchigyre 1 Metal and polymer test configuration.
as plastic deformation, which remain upon unloading).

Therefore, by studying the effect of dynamic COmpres'stress direction. This is because direct contacts between

sion rather than dynamic shear, this paper provides new. lel” fib : | he | h
information on the dynamic mechanical behavior of barallel” fibers occur at some points along the lengt

contacts, i.e., the behavior of contacts under dynamié?]c a fiber. . .
loading. The contact resistance of the interface between con-

The dynamic mechanical behavior of monolithic ma_tactlng elements can be conveniently measured by using

terials has received much attention, partly because otp e elements as electrical leads —two for passing cur-

. o . U rent and two for voltage measurement (i.e., the four-
its relevance to vibration damping, which is valuable to :

: : ._probe method), as provided by two elements (beams)
structures. However, the dynamic mechanical behavio

of materials contacts has received little previous atten-hat overlap at 9‘O(I_Z|g. 1). The volume resistance Of.

. . : . ; each lead was negligible compared to the contact resis-
tion (except in relation to wear or abrasion). This paper, . : . .
. ; . . tance of the junction, so the measured electrical resis-
is a study of the dynamic mechanical behavior of con-, : .

; : . : : tance was the contact resistance. The contact resistance

tacts between various identical materials, i.e., between_ .. . : . . X
. multiplied by the junction area gives the contact resis-

metal (e.qg., steel, aluminum and copper) elements, be:

tween polymer elements, and between ceramic (i.e.'V'ty’ .Wh'Ch is independent Of the junction area and
describes the structure of the interface.

concrete that is already cured) elements. The differ- : )
Contact electrical resistance measurement has been

ences in mechanical properties and oxidation tendenc X . .
) .. previously used to study the interface between laminae
among metals, polymers and ceramics results in sig:

nificant differences in the dynamic mechanical behava.-2 carbon fiber polymer-matrix composite laminate

ior of the contacts involving these materials. Contacts[l] and to study the joint obtained between thermo-

between dissimilar materials are not addressed in thiQIaStIC elements by au_tohespn [2,3]. In the field of
; concrete, contact electrical resistance measurement has
paper. The effects of loading frequency and temper

. . d een previously used to study the joint between old and
ture on the dynamic mechanical behavior are also no T :

. new concrete [4], as this joint is relevant to the repair
addressed. There is much room for future work.

The technique used in this work for studying the of concrete structures. It has also been used to study
dynamic mechanical behavior of contacts is contac he interface between concrete and steel [5, 6] and that

electrical resistance measurement during cyclic com- etween cement paste and carbon fiber [7, 8].
pression below the yield stress. (Cyclic loading is a

simple type of dynamic loading in which the stress am-2. Experimental methods

plitude and frequency are kept constant.) It involves2.1. Electrical and mechanical

simultaneous electrical and mechanical measurements. measurements

The technique requires that the elements in contact aféwo rectangular strips of the same material were al-
electrically conducting. Metals and concrete are condowed to overlap at 90to form a nearly square junc-
ducting, but polymers are mostly not conducting. Intion, as illustrated in Fig. 1 (for metals and polymer)
order to study polymer contacts, we used a carbon fibeaind in Fig. 2 (for cement mortar). The junction was
thermoplastic-matrix composite instead of the polymeithe joint under study. Uniaxial cyclic compression was
by itself. The carbon fibers are electrically conducting,applied at the junction in the direction perpendicular to
thereby rendering the composite conducting. By ori-the junction, using a screw-action mechanical testing
enting the continuous fibers parallel to the plane of thesystem (Sintech 2/D, Sintech, Research Triangle Park,
contact, the mechanical properties of the composite itNC), while the contact electrical resistivity of the junc-
the compressive stress direction (direction perpendiction was measured. The crosshead displacement during
ular to the plane of the contact) are dominated by thédoad cycling was typically up to gm.

polymer matrix. In spite of the orientation of the fibers, For mortar, polymer and aluminum samples, copper
the composite is conducting even in the compressivavires were applied around the strips together with silver
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lowed to overlap at 90to form a nearly square junction
(5.8-6.2 mmx 6.0—6.8 mm), as illustrated in Fig. 1.
The steel used was in sheet form, whereas the alu-
B+ minum and copper used were in foil form. The foils
were low in weight and consequently the upper strip
-|- of the junction provided little pressure to the bottom

strip, compared to the case of the strips being in sheet
D- C- form. As aresult, the contact resistance ata zero applied
T stress for aluminum and copper was less reproducible
than that for steel. To alleviate this problem, a non-
R, A+ zero minimum stress was used during load cycling for
56 mm aluminum and copper whereas a zero minimum stress
was used for steel. At any rate, the minimum stress of
0.4 MPa for aluminum and that of 0.3 MPa for copper
were quite close to zero.
The thermoplastic polymer was Nylon-6 (PA) in

Figure 2 Mortar test configuration. the form of unidirectional carbon-fiber (CF) prepreg
supplied by Quadrax Corp. (Portsmouth, Rhode Is-

paint to serve as electrical contacts. For steel and copand; QNC 4162). The fibers were 34-700 from Grafil,

per samples, copper wires were soldered on the sampl&aC- (Sacramento, California). The fiber diameter was
um. The fiber weight fraction in the prepreg was

to serve as electrical contacts. To measure the contaft® )|
resistivity at the junction, a Keithley 2002 multimeter ©2%- The glass transition temperatuig)(was 40—
was used for metals and polymer samples (Fig. 1). Fof0 C and the melting temperaturé,() was 220C for
mortar samples, a DC power source and a standard rd2€ Nylon-6 matrix. The prepreg thickness was 250,
sistor R, with a resistance of 30.4 § were used, due |h€ Prepreg strip was of length about 72 mm and of
to the high contact resistance involved (Fig. 2). In allWidth between 8.2 and 11.1 mm. Two strips were al-
cases (Figs 1 and 2), a DC current was applied froniowed to overlap at 90to form a rectangular junction

A to D, so that the current traveled down the junction(8:2-10.4x 9.5-11.1 mm), as illustrated in Fig. 1.

from the top strip to the bottom strip. In Fig. 2, the vol- 1 "€ cement used was portland cement (Type I) from
age between B and G/() as well as the voltage on the Lafarge Corp. (Southfield, MI). Theﬂnt_e aggregate u_sed
standard resistok) were measured using the Keithley for mortars was natural sand (all passing #4 U.S. sieve,
2002 multimeterV; was the voltage across the junc- 99.9% _SlQ_); the particle size analysis of the sand is
tion between the top and bottom strips asdvas used shownin Fig. 1 of Ref. 9; no coarse aggregate was used,
to obtain the current passing from A to D. The use ofand the sand/cement ratio was 1.0. The water/cement

two current probes (A and D) and two voltage probeg@tio was 0.35. A water-reducing agent (TAMON SN,

(B and C) corresponded to the four-probe method of reR0hm and Haas Co., Philadelphia, PA; sodium salt of a

sistance measurement. The voltage divided by the cuondensed naphthalenesulphonic acid) was used in the
rent yielded the contact resistance of the junction. ~ @mount 1% of the cement weight. All ingredients were
mixed in a Hobart mixer with a flat beater. After pouring

. into molds, an external vibrator was used to facilitate
2.2. Materials _ compaction and decrease the amount of air bubbles. The
Steel (low carbon steel), aluminum, copper, polymersamples were demolded after 24 h and then cured in a
(Nylon-6) and cement (Portland cement) were used ifygist room (relative humidity= 100%) for 28 days.
the study of the contact between identical materials unThe final sizes of the mortar samples (strips) were
der cyclic compression. Mortar is different from con- 9o g x 14.0 x 13.3 mm and 99 x 14.2 x 13.9 mm.
crete in that mortar has a fine aggregate but no coarsgne surfaces of mortar strips had been mechanically
aggregate, whereas concrete has both fine and coarggjished by 600-grit sandpaper. Two mortar strips were

aggregates. Mortar rather than concrete was used in thigiowed to overlap at 90to form a nearly square junc-
study because of the small sample size involved. Nevijgn (139 x 13.3 mm), ad illustrated in Fig. 2.

ertheless, the science of the contact should be similar
for mortar and concrete.
The steel used was low carbon steel sheet thel. Results and discussion
had been mechanically polished by 600-grit sandpa3.1. Metals
per, in which the average abrasive SiC particle sizé=ig. 3 shows the variation in resistance and stress dur-
is 25 um. Two identical rectangular strips of steel ing compressive cyclic loading with a maximum stress
(20.0x 11.7x 6.0 mm) were allowed to overlap at90 of 20.0 MPa and a minimum stress of zero for steel.
to form a square junction (11> 11.7 mm), as illus- In every cycle, the resistance decreased as the com-
trated in Fig. 1. pressive stress increased, such that the maximum stress
The as-received aluminum and copper foils were cutorresponded to the minimum resistance and the min-
into rectangular strips of length around 60 mm andimum stress corresponded to the maximum resistance.
width between 5.8 and 6.8 mm. The thicknesses ofimilar resistance variations were found for aluminum
copper and aluminum foils were 0.025 and 0.050 mm(Fig. 4) with a maximum stress of 6.3 MPa and for
respectively. Two strips of the same material were al-copper (Fig. 5) with a maximum stress of 5.7 MPa. The
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consequently the resistance decreased upon loading in
each cycle for all materials.

The contact resistance at the maximum stress of each
cycle increased upon cycling, for steel and aluminum at
least, probably partly due to the oxidation at the fresh
surface created by the deformation and partly due to
the strain hardening induced by the plastic deforma-
tion. (The oxide is essentially not conducting and the
strain hardening tends to increase the volume resistiv-
ity.) This trend was not observed for copper, probably
due to the exceptionally low contact resistance for cop-
per throughout the cycling (as expected from the low
volume electrical resistivity of copper compared to steel

Figure 3 Variation of contact resistance (thick curve) and stress (thin OF aluminum) al’_ld th_at the oxide layer on copper fl’_aC-
curve) for steel during cyclic compression at a maximum stress oftured upon loading (in contrast to the protective oxide

20.0 MPa and a minimum stress of zero.

e
t
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layer on aluminum).

For steel, due to the irreversible contact area increase
resulting from plastic deformation, the resistance at the
minimum stress decreased cycle by cycle from the third
cycle onward, though the decrease diminished as cy-
cling progressed due to the limit of the extent of plastic
deformation. However, for aluminum and copper, the
resistance at the minimum stress increased with cycling
throughoutthe cycling, probably due to the effect of sur-
face oxidation and/or strain hardening overshadowing
the effect of surface flattening. For steel, the resistance
at the minimum stress increased during the first two
cycles, probably due to the surface oxidation that ac-
companied plastic deformation.

For steel, the resistance curve became sharper and
sharper at its minimum in each cycle as cycling pro-

Figure 4 Variation of contact resistance (thick curve) and stress (thi”gressed (Fig 6) probably due to strain hardening and

curve) for aluminum during cyclic compression at a maximum stress o

6.3 MPa and a minimum stress of 0.4 MPa.
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Figure 5 Variation of contact resistance (thick curve) and stress (thin
curve) for copper during cyclic compression at a maximum stress of

5.7 MPa and a minimum stress of 0.3 MPa.
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the consequent increase in the stress required for a sub-
stantial resistance decrease within a cycle. This was
similarly observed for aluminum (but not for copper)
after the first few cycles (Fig. 4). The negative obser-
vation for copper was for the same reason as that given
above for the absence of an increase in the minimum
resistance of a cycle as cycling progressed.

At a lower stress amplitude (a maximum stress of
13.2 MPa and a minimum stress of zero) for steel
(Fig. 7), the maximum resistance within a cycle in-
creased with cycling and the resistance curve at its min-
imum remained blunt throughout the cycling. These
characteristics are attributed to the smaller extent of

0.8 25

t
N
(=]

+ 15
0.4 -

-
o

ct resistane (ohms)

maximum stress of 20, 6.3 and 5.7 MPa for steel, alu-
minum and copper respectively was much lower thang
the corresponding yield strength, which was 300 MPad
for steel (determined by compressive testing in this
work), 28 MPa for aluminum [10] and 69 MPa for cop-
per [10]. Due to the roughness on the steel, aluminum
and copper surfaces, the local stress at the asperities wi..

0

0

o

Comrpessive stress (MPa)

much hlgher than the a_pphed stres_s and could cause I(&Tgure 6 Variation of contact resistance (thick curve) and stress (thin
cal e_Iastlc or even plastic deformation. As qresult, UPORyrve) for steel during cyclic compression at a maximum stress of
loading the surface was flattened to a certain extent, angb.o Mpa for the first few cycles.
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Figure 9 Variation of contact resistance (thick curve) and stress (thin

Figure 7 Variation of contact resistance (thick curve) and stress (thincurve) for polymgr during cyclic compression at a maximum stress of
0.8 MPa for the first 7 cycles.

curve) for steel during cyclic compression at a maximum stress of
13.2 MPa and a minimum stress of zero.

_ ) ) the carbon fiber, which is the component responsible
plastic deformation at the lower stress amplitude angor the electrical conduction, the electrical resistance
the consequent gradual build-up of strain hardening anghange is attributed to the change in the extent of contact
surface oxidation as cycling progressed. At a highepetween fibers on both sides of the interface. A lower
stress amplitude (Fig. 3), this build-up occurred mainlycontact resistance at the interface means more contact

during the first two cycles. between the fibers across the interface. The compres-
sive stress probably made the polymer molecules orient
3.2. Polymer preferentially perpendicular to the stress direction. This

Fig. 8 shows the variation in resistance and stress duwlrientation would weaken the mechanical property of
ing cyclic compressive loading at a stress amplitude ofhe matrix in the stress direction, especially near the in-
0.8 MPa (a maximum stress of 0.8 MPa and a minimunterface. In other words, the compressive loading proba-
stress of zero). Although the applied stress amplitude dbly softened the matrix in the stress direction gradually
0.8 MPa was much less than the 1% offset yield stresas cycling progressed. The softening would make it
(83 MPa [11]), due to the roughness at the interfacetake less stress for deformation and thus less stress for
the local stress could be much higher than the appliedontact of fibers across the interface. This is believed
stress. As a result, local plastic deformation could octo be why the resistance curve became blunter as cy-
cur. The minimum resistance (at the maximum stressgling progressed. The gradual decrease of the resistance
decreased upon cycling. So did the maximum resistancat both maximum and minimum stresses is due to the
(at the minimum stress). Both effects are attributed tcsurface of the prepreg becoming flatter as cycling pro-
plastic deformation. gressed. After about ten loading cycles, the resistance
Within the first cycle, the resistance curve was shargurve leveled off, probably due to the limit of the extent
at the maximum stress region. The resistance curve af flattening the surface of the prepreg.
the maximum stress region became increasingly blunt
as cycling progressed (Fig. 9). This means that it too@ 3. Mortar

!ess and less stress for the resista_mce to d_ecrease_sigrlifig. 10 shows the variation in resistance and stress dur-
icantly as cycling progressed. This trend is 0pposite tq, g oy cjic compressive loading at a stress amplitude of
that for steel (Fig. 6) and aluminum (Fig. 4), for which 5.0 MPa (a maximum stress of 5.0 MPa and a mini-

the resistance curve at the maximum stress region b‘?ﬁum stress of zero). The compressive strength of the
came increasingly sharp as cycling progressed. Since

during loading there is no electrical property change in
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Figure 8 Variation of contact resistance (thick curve) and stress (thinFigure 10 Variation of contact resistance (thick curve) and stress (thin
curve) for polymer during cyclic compression at a maximum stress ofcurve) for mortar during cyclic compression at a maximum stress of
0.8 MPa and a minimum stress of zero. 5.0 MPa and a minimum stress of zero.
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8 16 polymer, the sharpness decreased with cycling, proba-
7 - h bly due to matrix softening. For metals (steel and alu-
6 | ﬂ H

minum), the sharpness increased, probably due to strain

8 @

2 n r 12 9 _ _ _ : :

£ 7 5 ? hardening. Neither matrix softening nor strain harden-

@ E 4 P s § ing occurred for the mortar, so the sharpness was not

5 h: 4 £  affected by the cycling.

gc 31 g For metals (steel and aluminum) and mortar, the re-

3 21 -4 § sistance at the maximum stress of a cycle increased
14 v v V v v V U v V © upon cycling, but the reasons were different. For met-

0 . T 0 als, it is due to the oxidation and/or strain hardening.
0 5 10 15 For mortar, it is due to the generation of debris.

Time (min) The resistance at the minimum stress of a cycle de-

creased upon cycling for polymer and mortar. Among

Figure 11 Variation of contact resistance (thick curve) and stress (thinthe metals, the behavior varied. For steel, the resistance
curve) for mortar during cyclic compression at a maximum stress ofat the minimum stress decreased upon cycling at a high
15.0 MPa and a minimum stress of zero. stress amplitude of 20.0 MPa (from the third cycle on-
ward), but increased upon cycling at a low stress am-
. plitude of 13.2 MPa; for aluminum and copper, the re-
mortar was 64t 2 MPa, as determined by compres- giqiance at the minimum stress increased upon cycling.
sive testing of 5k 51> 51 mm (2x 2x 2 in) cubes. — qnher differed from steel and aluminum in that its
The stressjstraln curve was a straight Ilne up to fail, esistance at the maximum stress did not change with
ure. The minimum resistance (at the maximum Stre.sséycling and its resistance remained low throughout the
increased sllght_ly_wnh cycling, butthe maximum resis- cycling. This characteristic is desirable for the use of
tance (at the minimum stress) decreased with cycling., o1 for making electrical connections. Aluminum
Again, the local plast_lc deforma’glon created more CONand steel are less desirable for this application.
tact area, thus causing the resistance upon unloading
to decrease with cycling. On the other hand, due to
the brittleness of the mortar, the compressive loadin .
probably caused fracture at some of the asperities at t% Conclusion .
interface, thereby generating debris, which increase he metal-metal contact (steel, aluminum and copper),
the contact resistance upon loading. After about Sevenolymer-polymer contact and mortar-mortar contact

loading cycles, the maximum resistance (at the mini_undercy(:lic compressive loading below the yield stress

mum stress) leveled off, due to the limit of the extent ofvere studied by measuring of the contact electrical re-

the plastic deformation at the interface. However thesistanc:e. For all the contacts, the contact resistance de-
slight increase of the minimum resistance upon load$'€2S€d upon compressive loading and increased upon

ing persisted, probably due to the continued generaL_mloadlng. More contact area was created upon load-

tion of debris as cycling progressed. At a higher stres§'9: dueto Io_c_al deformgtlon caused by h'g.h local stress
amplitude (a maximum stress of 15 MPa and a mini-at the asperities of the interface. The resistance at the

mum stress of zero, Fig. 11), the minimum resistancén_inimum stress of a _cycle de_creased upon !oad cy-
increased more significantly with cycling. This is prob- cling for steel (at a sufficiently high stress amp"t“de of
ably due to the more significant debris generation af0-0 MP@), polymer and mortar, due to plastic deforma-

the higher stress amplitude. Moreover, the maximurﬁion’ butincreased upon load cyclin_g fo_r aluminum anq
resistance (at the minimum stress) increased in the fir§CPPET: Probably due to surface oxidation and/or strain

four cycles, probably due to the effect of debris gener- ard'ening. For steel and algminum, the resistance at the
ation overshadowing the effect of the flattening of theMaximum stress of acy_cle _mcreased upon load cycl_lng,
asperities. After four cycles, the maximum resistancéarc’b"jlbly du_e to the oxidation and/or strain hardening,
essentially leveled off, probably due to the limit of the and the resistance curve at the maximum stress bent

extent of the debris generation for this stress amplituder.nor.e sharply_ as cycling progre;se_d, probably dge to
strain hardening. There was no significant change in the

resistance curve for copper upon cycling, probably due
to its high electrical conductivity and weak oxide layer.

3.4. Compa_mson among materlal_s Forthe polymer, softening occurred at the interface with
For all materials tested, the contact resistance decreasgd .. - probably due to the enhancement of the molec-
as the compressive stress increased within a cycle a 9. y

; ; .Ular orientation perpendicular to the stress. For mortar,
the contact resistance increased as the compressiyg

stress decreased within a cycle. This is due to the sui- lght increase of the minimum resistance at the maxi-
ycle. mum stress was observed as cycling progressed, prob-

face rp_ughness and the consequent deformation at tr}ﬁ)ly due to debris generation at the interface.
asperities. Hence, more contact area was created upon
loading. For all materials tested, the contact resistance
depended on the loading history.
Compared with metals (steel and aluminum) andieferences _

P . 1. SHOUKAI WANG andD. D. L. CHUNG, Composite Inter-
polymer, a significant difference of mortar was that faces(6) (1999) 497.
the resistance curve within a cycle essentially did Not zhen mEei andp. D. L. CHUNG, Int. J. Adh. Adh20 (2000)

change its sharpness at the maximum stress. For the 173.
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