
tive stresses alternate over the unit cell. Because of the differ-
ent stress states the evolution of ryy differs for the two config-
urations.

As stated earlier, the average stress changes with the vol-
ume percentage of large grains. In Figure 10 the maximum
ryy stress is normalized against the average loading stress rxx

at uniaxial strain of exx = 5 % and plotted against the volume
percentage of large grains. As seen in the plot, initially the ryy

stress increases as the percentage of large grains increases for
the two configurations. But, eventually the ryy stress reaches
a maximum value and the stress decreases. As stated earlier,
the real material mostly consists of small grains, therefore, we
normally have a material where an increased amount of large
grains gives higher ryy stress. With this condition large grains
are not wanted.

The positive ryy stress is due to different properties of
the small and large grains, and even though the maximum
ryy stress is only a fraction of the maximum von Mises ef-
fective stress, it can play an important role in the damage
evolution in high-strength strip steel. The steel is often
weaker in the thickness direction, due to the elongated mi-
crostructure. The transverse stresses may therefore be criti-
cal for initiation of delamination. The present studies indi-
cate that the volume fraction of large grains should be kept
as small as possible.

Three primary results can be concluded from this work.
l First, as the steel sheet is loaded by an average strain, exx,

concentrations of transverse stresses, ryy, arise in the
vicinity of the tip of the elliptical area. These stresses can
reach about a quarter of the maximum von Mises effective
stress, and can thereby be the source of delaminations,
since the high-strength steel is weaker in the thickness
direction due to the elongated microstructure.

l Secondly, the simple rule of mixtures can be used to
describe the macroscopic behavior of the model contain-
ing large grains forming elliptical shaped colonies.

l Thirdly, the volume fraction of large grains is most impor-
tant in determining the material properties, not the shape
and configuration of the ellipses.
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Degradation of Mechanically
Fastened Stainless Steel Joint
During Repeated Fastening and
Unfastening

By Xiangcheng Luo and Deborah D. L. Chung*

Mechanical fastening involves the application of a force to
the components to be joined, so as to prevent the components
from separating in service.[1] During repair, maintenance or
other operations, unfastening may be needed. Hence,
repeated fastening and unfastening may be necessary. By
design, the stresses encountered by the components and fas-
teners are below the corresponding yield stresses, so that no
plastic deformation occurs. However, the local stress at the
asperities at the interface can exceed the yield stress, thereby
resulting in local plastic deformation, as shown for carbon
steel fastened joints at a compressive stress of just 7 % or less
of the yield stress.[2] The plastic deformation results in
changes in the joint interface. This means that the joint inter-
face depends on the extent of prior fastening and unfastening.
The joint interface affects the mechanical and corrosion
behavior of the joint. This problem is thus of practical impor-
tance.
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Fig. 10. Maximum ryy normalized against average stress, rxx, for different volume per-
centages of large grains for the two different configurations when loaded by an average
strain exx of 5 %.
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Stainless steel differs from carbon steel in the presence of
passive film[3±19] and in the higher yield stress. The passive
film is important to the corrosion resistance of stainless steel.
The effect of repeated fastening and unfastening on the pas-
sive film is of concern. This paper extends Luo et al.[2] from
carbon steel to stainless steel. Both Luo et al.[2] and this work
use contact electrical resistance measurement to monitor the
joint interface in real time during repeated fastening and
unfastening.

Tribology is related to the mechanical interaction of mate-
rials in contact. The consequence of the interaction can be
mechanical deformation, the loss of material, the damage of
material, and the change of the interfacial microstructure and
composition, as conventionally observed by weight loss mea-
surement, microscopy, and mechanical testing. These meth-
ods typically involve observation after rather than during the
mechanical interaction, due to the experimental difficulty of
observation during the interaction. Observation during the
interaction is valuable for detecting the reversible and irre-
versible effects, whereas observation after the interaction
allows detection of irreversible effects only. A non-destruc-
tive monitoring technique that provides information in real
time during dynamic loading is desirable. Microscopic exami-
nation of the interface viewed at the edge cannot effectively
provide interfacial information, though it can be non-destruc-
tive and be in real time. Microscopic examination of the inter-
face surfaces after separation of the contacting elements can
provide microstructural information, but it cannot be per-
formed in real time. A non-destructive method which is
amenable to observation during the mechanical interaction is
electrical measurement,[20±25] in this case the measurement of
the contact electrical resistance of the interface.

Figure 2 shows the variation in resistance and displace-
ment during cyclic compressive loading at a stress amplitude
of 3.5 MPa. In every cycle, the resistance decreased as the
compressive stress increased, such that the maximum stress
corresponded to the minimum resistance and the minimum
stress corresponded to the maximum resistance (Fig. 2a). The
maximum resistance (in the unloaded condition) of every
cycle decreased upon stress cycling for the first 7 cycles and

then leveled off (Fig. 2a), due to plastic deformation which
was particularly significant during the first few cycles. The
minimum resistance (at the maximum stress) of every cycle
increased slightly upon cycling (Fig. 2b), probably due to
strain hardening at asperities.

Figure 3 shows results obtained during cyclic compressive
loading at a stress amplitude of 14 MPa. The maximum resis-
tance (in the unloaded condition) of every cycle increased
upon stress cycling, such that the increase was not significant
until after 13 cycles (Fig. 3a). The increase is due to the dam-
age of the passive film and the consequent surface oxidation.
The minimum resistance (at the maximum stress) of every
cycle increased slightly upon cycling (Fig. 4b), probably due
to strain hardening.

Figure 4 shows results obtained at a stress amplitude of
28 MPa. The maximum resistance (in the unloaded condition)
of every cycle increased upon stress cycling, such that the
increase was drastic after about 7 cycles (Fig. 4a). The increase
is attributed to passive film damage. The increase was more
drastic and occurred earlier in Figure 4 than Figure 3, because
of the higher stress amplitude in Figure 4. The minimum resis-
tance (at the maximum stress) of every cycle increased slightly
upon cycling, such that the variation was irregular after 8 cy-
cles (Fig. 4b). The irregularity is due to the severe damage of
the passive film and the consequent severe oxidation.

The higher the stress amplitude, the fewer is the number
of stress cycles for passive film damage to start. At the lowest
stress amplitude of 3.5 MPa, passive film damage was not
observed up to 30 cycles.
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Fig. 1. Steel joint testing configuration.

Fig. 2. Variation of contact resistance (thick curve) and stress (thin curve) during cyc-
lic compression at a stress amplitude of 3.5 MPa.



Comparison of the results of this work on stainless steel
and those of Luo et al.[2] on carbon steel shows that the carbon
steel joint is dominated by effects associated with plastic
deformation whereas the stainless steel joint is dominated by

effects associated with passive film damage. The effect of the
passive film is absent in the carbon steel joint, as expected
from the absence of a passive film on carbon steel. The effects
of plastic deformation and strain hardening are much larger
for carbon steel than stainless steel, as expected from the low-
er yield stress of carbon steel.

At compressive stresses much below the yield stress, dam-
age of the passive film on stainless steel occurs upon repeated
fastening and unfastening of a stainless steel joint. The higher
the compressive stress, the more severe is the damage and
the fewer is the number of stress cycles it takes for damage to
start. The damage leads to surface oxidation, and hence an
increase in the contact electrical resistance of the joint inter-
face. Plastic deformation at asperities occurs, but it is less sig-
nificant than that in a carbon steel joint.

Experimental

The steel used was No. 304 stainless steel (annealed, modulus = 193 GPa,
tensile yield strength = 330 MPa [26]) that had been mechanically polished by
600 grit sandpaper, in which the average SiC abrasive particle size was 25 lm.
Two rectangular strips of stainless steel (47 � 11.7 � 1.40 mm and 42 � 11.2 �
1.40 mm) were allowed to overlap at 90� to form a nearly square junction (11.7
� 11.2 mm), as illustrated in Figure 1. The junction was the joint under study.
Uniaxial compression (corresponding to the fastening load) was applied at the
junction in the direction perpendicular to the junction, using a screw- action
mechanical testing system (Sentech 2/D, Sintech, Research Triangle Park, NC),
while the contact electrical resistivity of the junction was measured. To mea-
sure the contact resistivity, a direct current (DC) was applied from A to D, so
that the current traveled down the junction from the top steel strip to the bot-
tom strip. At the same time, the voltage was measured between B and C using
a Keithley 2002 multimeter; this voltage was the voltage across the junction be-
tween the top and bottom strips. The use of two current probes (A and D) and
two voltage probes (B and C) corresponds to the four-probe method of resis-
tance measurement. The voltage divided by the current yielded the contact re-
sistance of the junction. This resistance, multiplied by the junction area, gave
the contact resistivity, which is a quantity that is independent of the area of the
junction.
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Fig. 3. Variation of contact resistance (thick curve) and stress (thin curve) during cyc-
lic compression at a stress amplitude of 14 MPa.

Fig. 4. Variation of contact resistance (thick curve) and stress (thin curve) during cyc-
lic compression at a stress amplitude of 28 MPa.



[11] J. M. Bastidas, M. F. Lopez, A. Gutierrez, C. L. Torres,
Corros. Sci. 1998, 40, 431.

[12] R. A. Guidotti, G. C. Nelson, Mater. Res. Soc. Symp. Proc.
1998, 496, 469.

[13] A. Hannani, F. Kermiche, Trans. Inst. Met. Finishing, Part
3 1998, 76, 114.

[14] S. Fujimoto, T. Yamada, T. Shibata, J. Electrochem. Soc.
1998, 145, L79.

[15] A. Atrens, B. Baroux, M. Mantel, J. Electrochem. Soc.
1997, 144, 3697.

[16] G. Chen, C. R. Clayton, J. Electrochem. Soc. 1997, 144,
3140.

[17] F. Mansfeld, C. B. Breslin, A. Pardo, F. J. Perez, Surf.
Coat. Technol. 1997, 90, 224.

[18] M. Drogowska, H. Menard, A. Lasia, L. Brossard, J.
Appl. Electrochem. 1996, 26, 1169.

[19] T. J. McKrell, J. M. Galligan, Mater. Res. Soc. Symp. Proc.
1996, 404, 199.

[20] C. C. Chou, J. F. Lin, Proc. Inst. Mech. Eng., Part J: J. Eng.
1997, 211, 209.

[21] C. Ackerman, H. Lentz, W. Powers, Jr., T. Jones, A. Ca-
succio, C. Spangler, P. Fischione, D. File, G. Anderson,
H. Breindel, B. Reed, Automated Torque and Resistance
Measurements of Sliding Electrical Contacts During Life
Testing, Proc. 36th Annual IEEE Holm Conference on
Electrical Contacts 1990, Illinois Inst. Of Technology,
Chicago, IL, pp. 259±268.

[22] S. J. N. Goodman, T. F. Page, Wear 1989, 131, 177.
[23] B. I. Kostetskii, B. V. Gupka, V. E. Gorbanevskii, A. I.

Gupka, Sov. Eng. Res. 1988, 8, 13.
[24] L. J. Bredell, L. B. Johnson, Jr., D. Kuhlmann-Wilsdorf,

Wear 1987, 120, 161.
[25] A. P. Braginskii, D. G. Evseev, A. K. Zdan'ski, N. P.

Kukol, Sov. J. Friction Wear (Engl. Transl. of Trenie i Iznos)
1985, 6, 31.

[26] Stainless Steels (Ed: J. R. Davis), ASM Int., Materials
Park, OH 1994.

Measuring Magnetic
Susceptibility of Undercooled
Co-Based Alloys with a Faraday
Balance**

By Sven Reutzel and Dieter M. Herlach*

As a usual experimental experience the existence of mag-
netic long-range order is limited to the solid state of matter.
The Curie temperature, TC, which signifies the transition
from a magnetically ordered ferromagnetic state to a disor-
dered paramagnetic state is much lower than the correspond-
ing melting temperature, TM, in all metallic elements and
alloys. In Co-based alloys of high Curie temperature under-
cooling to TC has been shown. Provided heterogeneous nucle-
ation on crucible walls can be eliminated it is well established
that metallic melts can be undercooled far below their melt-
ing temperature.[1]

In the past electromagnetic levitation has often been
used to undercool liquid metals (e.g. Co±Pd alloys) near to
the Curie temperature of the solid a-phase.[2] This alloy
was selected for studies because it shows the highest rela-
tive Curie temperature, Trc = TC/TM, and because the Co±
Pd system is completely miscible over the entire concentra-
tion range. Confusion due to chemical clustering, as ob-
served in eutectic alloys[3], for example, and its possible
consequences on magnetism of melts[4] can thus be ex-
cluded. While reducing the temperature an attractive force
between the Co±Pd sample and an external CoSm perma-
nent magnet was observed, which may indicate the exis-
tence of a metallic liquid showing magnetic ordering, as is
shown in Figure 1.

As mentioned above, the magnetization of liquid Co-based
alloys rises steeply if temperature approaches the Curie tem-
perature, TC. While using a modified Faraday balance the
magnetization has been measured for some Co-based alloys
in the liquid state as a function of alloy system and concentra-
tion.[5] This method uses levitation processed samples and
indicates general magnetic behavior in the undercooled liq-
uid. The results show that the magnetic susceptibility of the
liquid undercooled samples follows Curie±Weiss behavior,
from which Curie temperatures are inferred. Figure 2 pre-
sents the reciprocal magnetic susceptibility as a function of
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