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Abstract Indentation-induced two-way shape memory
leads to pronounced temperature dependence of the depth
of spherical indents made in martensitic NiTi shape-
memory alloys. They are shallower when austenitic, and
depth varies during both M — A and A — M transfor-
mations. If the impression is planarized, by metallographic
grinding at T < My, a protrusion rises at the site when
warmed past Ax If cooled again this “exdent” retreats,
restoring optical flatness. The cycle is repeatable, and ex-
dent heights can exceed 15% of prior indent depth. Since it
maps between macroscopically distinguishable topogra-
phies, or forms, at orders greater length scale than the
surface roughness, we call the effect “surface form mem-
ory”—SFM. Notable regarding potential applications is
that, when loaded in compression by planar contact with a
strong base metal, exdents exert sufficient pressure to
indent the latter, suggesting that subsurface transforma-
tional mechanisms operate at volumetric work-energy
densities >10 J/m?, fully ~10% of the M — A enthalpy.

Introduction

Shape memory in metal alloys is usually exploited to
produce thermally driven axial displacements in wires, or
isothermally recoverable bending strains in more complex
shapes [1-5]. The technological significance of NiTi alloys
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in these contexts is that work- or stored-energy densities
exceeding ten million joules per cubic meter may be
obtained from well-designed actuators and flexures [6].
Furthermore, various thermomechanical processing strate-
gies have been developed that allow for cyclic thermal
displacements, involving a memory of both warm and cool
shapes [7-9].

We have recently shown [10, 11] that the shape memory
effect can be harnessed to produce marked, non-trivial,
cyclically repeatable and, most importantly, engineered
changes in overall surface topography, at the length-scale
of the surface form (i.e., at a much greater scale than the
intrinsic surface roughness). The mechanisms exploited to
create this effect are essentially the same as those under-
lying changes in surface roughness often observed during
metallographic preparation of Nitinol specimens. In this
study, however, using a technique involving spherical or
cylindrical indentation, followed by global surface plana-
rization (accomplished by flat grinding), we have been able
to prepare surfaces that exhibit radical changes in surface
form, for example, between optical flatness and pro-
nounced bumpiness or waviness. We call the effect surface
form memory (SFM). An example of an SFM transition
involving a single cylindrical indent is shown in Fig. 1. As
we furthermore demonstrate in this article, the out-of-plane
displacements that are observed in SFM can actually indent
other materials. We show that NiTi alloys with surfaces
prepared to exhibit SFM can perform mechanical work
with sufficient energy to induce localized plastic defor-
mation in a strong base metal substrate such as 304 stain-
less steel (SS).

The ability of SFM to generate transitions in surface form
that can be normalized to a planar reference state, and do so
against very high reaction forces, suggest that the effect
could find application to MEMS actuators, lithography,
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Fig. 1 Surface form memory transition enabled by cylindrical
indentation followed by thermal cycling and planarization in the
martensitic condition. The z-axis scale is magnified: the actual height
of the exdent in this 1.9 x 2.5 mm field is about five microns

joining, mold-release, tribological systems, microassembly,
electrical switching, variable heat transfer devices, and so
on. Furthermore, the effect may be readily induced both
macroscopically, and at the nanoscale [11], suggesting the
possibility that SFM could enable optical applications such
as thermally switchable diffraction gratings. The effect may
be obtained either from indents made quasistatically, or by
indenting in the dynamical regime using shocks from laser
ablation [12]. Finally, the technique can be adapted to pro-
duce surface forms that map to complex indenter geometries,
such as engraved images.

Shallow spherical indents made in martensitic NiTi will
revert to near-perfect flatness, via the shape memory effect,
when first heated past A [13]. However, deeper spherical'
indents do not “recover” completely. The limit for full
recovery, for the spherical case, can be expressed in terms
of the ratio of the (in-plane) indent radius, a, to the radius,
r, of the indenter itself. The a/r ratio determines the rep-
resentative strain, &, produced by indentation, which in

! Conical indenters, such as Berkovitch, Knoop, or Vickers indenters,
do not fully recover unless the depth of penetration is so small that
natural blunting of the otherwise sharp tip makes it appear to the
medium as spherical.
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turn correlates with the plastic component of the total strain
in tensile tests [14, 15]. For spherical indentation, ¢, can be
shown to equal 0.2 a/r [14]. For cylindrical indenters, the
ratio of the indent half-width to the cylinder radius, c¢/r
determines the representative strain via a different func-
tional relationship.

When spherical indents are made in martensitic NiTi
with a/r exceeding 0.25, such that ¢, exceeds a critical
value of 5%, not only does the indent fail to recover fully
on austenitization, but subsequent thermal cycling between
My and Ay reveals that a two-way shape memory effect
(TWSME) occurs at and just beneath the surface. In this
case, thermal cycling causes the indent to be relatively
deep when cool, but to become shallower when warmed
past Az It is almost certainly not coincidental that the 5%
limiting strain for this two-way effect corresponds
approximately to the end of the detwinning plateau in
tensile deformation of martensitic NiTi [13], and thus to
the onset of the generation of dislocations in the martensite
phase.

Figure 2 illustrates schematically the sequence of
spherical indentation (a, b), indent recovery via TWSME
(b, c), planarization (d), and cyclic exdent formation and
retreat (d, e). Indentation with a ball of radius 7, to a depth
h, such that the resultant a/r ratio exceeds 0.25, results in
cyclic displacement ¢; on subsequent thermal cycling. If
the indent is removed by flat grinding, further thermal
cycling produces a cyclic displacement, d,, for the exdent.
The displacements ¢, and J, are generally nearly equal,
indicating that the material laterally adjacent to the indent
(the material removed by planarization) does not contribute
significantly to the two-way strain.

It is thus apparent that two-way displacements depend
on deformation zones lying beneath the base of the indent.
In Fig. 2b, three notional deformation zones are schemat-
ically indicated. Farthest from the indent is zone C, an
elastic deformation zone bounded approximately by the 1%
strain contour. Zone B is a region in which plasticity has
occurred, but only via martensite detwinning reactions that
are thermally reversible via the shape memory effect. The
upper boundary of this zone corresponds to a strain contour
at 5-7%, the approximate limit for one-way shape memory,
i.e., roughly coincident with the end of the plateau in the
martensite tensile stress—strain curve.

Heating after indentation will cause recovery of all of
the strain in zone B, by an one-shot shape memory effect,
but no further active transformational displacements will
occur in this zone on subsequent cooling. On the other
hand, in zone A, the local plastic strain has exceeded that
which can be mediated by detwinning reactions, requiring
the generation of geometrically necessary lattice disloca-
tions. It is in this zone that two-way shape memory origi-
nates, with martensite variants reflecting the cool shape
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Fig. 2 Indent training (a—c) and planarization (d) to obtain SFM in
NiTi. Thermally cycling between b < ¢ and between d < e is
indefinitely repeatable. Indentation results in three deformation zones
under the indent: a plastic slip zone, b detwinned martensite zone,
¢ elastic deformation zone

having been stabilized by the stress fields associated with
the dislocations that now reside in this zone. For shallow
indents (with a/r < 0.25, and thus, ¢, < 5%) the volume of
material in zone A is negligible, and the two-way effect is
absent. We therefore associate the boundary between zones
A and B with the spatial extent of the subsurface defor-
mation zone that is responsible for SFM effects. If it is
assumed that this zone is roughly hemispherical, its volume
can be characterized by a single parameter, D*, the depth
of the zone A/zone B boundary, referred to the base of the
original indent. The volume of the active zone is then
approximated as 2/37D*.

We have made indirect experimental measurements of
D* over a range of a/r ratios [12, 16]. This was accom-
plished by successive planarization experiments in which
material was incrementally removed from the surface until
the cyclic recovery displacement §; was observed to van-
ish. These measurements were confirmed by back thinning
experiments in which material is removed from the surface
opposite to the indent, again in a series of steps, until the
magnitude of J; just began to decline. Both methods gen-
erated similar results.

In this article, we show that an exdent features formed in
an SFM cycle can exert very appreciable levels of force
when the out-of-plane displacement is mechanically con-
strained. We present the results of constrained-recovery

(a)

3 mm NiTi Plate
50.26 at% Ni SMA
Mf ~31 Af ~115 C

(b) 329 386

Susceptibility
0.5E-4

Fig. 3 a DSC and b SQUID measurements indicating transformation
temperatures in a 3-mm wrought SMA plate, 50.25 at% Ni, bal. Ti

experiments designed to estimate the mechanical work
energy density involved in the formation of spherical
protrusions when they displace against a strong base-metal
substrate under a compressive preload. In addition, we
measured the maximum constrained recovery response as a
function of the pre-stress level. It is shown that, by con-
servative estimate based on experimental determination of
D*, the energy density associated with constrained recov-
ery in SFM is >107 J/m3, on the order of the maximum
generally available from NiTi actuators, and equal to an
appreciable fraction of the experimentally determined
transformational enthalpy.

Experimental methods

A 3 mm thick 50.26 at% Ni wrought NiTi alloy sheet was
acquired from Special Metals Corporation. The transfor-
mation temperatures, My, Ms, As, and As, were determined
by both differential scanning calorimetry (DSC) and
SQUID magnetometry” (Fig. 3; Table 1). The enthalpy for
the A to M transformation was 15.6 J/g.

Specimens were first electro-discharge cut into 12.7 mm
diameter disks, ground, and polished, and finished with
0.05 um colloidal silica. Before indenting at room tem-
perature the specimens were briefly chilled to ensure a fully
martensitic condition.

Spherical indents were made with a 1.59 mm diameter
tungsten carbide ball using a load of 3000 N. Surface

2 Squid magnetometry defines transformation temperatures some-
what more unambiguously than DSC and produces data from which
M and A phase fractions may be inferred [18].
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Table 1 Transformation temperatures measured by DSC and SQUID

Transformation DSC (K) SQUID (K) Average (K)
temperature

My 295 313 304 £ 9

Ms 331 329 330 £ 1

As 343 335 349 £ 6

Ay 390 386 388 + 2

profiles of the as-indented surfaces were acquired with a
WYKO NT 1000 optical surface profilometer. The initial
indent depth was 240 microns and the a/r ratio was cal-
culated to be 0.71. After making these measurements, and
using a thermoelectric cooler (TEC) mounted on the pro-
filometer stage, the indents were heated to 413 K (well
above Ay and profiles of the indents again recorded.
Temperatures were measured by thermocouples spot-wel-
ded to the NiTi at points on either side of the indent. The
specimen was then cooled to 243 K (well below My), using
liquid Freon, to develop a fully martensitic structure. After
warming to room temperature, the indents were profiled
once more at 293 K, still below M,. Fifteen M, < A cycles
were then applied to assess cyclic reversibility of the shape
change. After thermal cycling, and while still in the mar-
tensitic condition, the surfaces were subjected to the
planarization step, in which the specimen was flat-ground
and polished, but only to the point where visible traces of
the indent were removed. The final abrasive used in the
planarization step was also 0.05 pm colloidal silica to
minimize the effect of near-surface microstructural chan-
ges on subsequent measurements.

The constrained recovery experiments were designed to
obtain an estimate of the potential work output of the SFM
effect when exdented features develop during heating
(Fig. 4). After planarization, the optically flat specimen
was placed in contact with a base-metal coupon (also
ground and polished) of 6061-T6 aluminum, or alterna-
tively 304 and 440 SSs in certain experiments. The face-to-
face pair of plates was then situated between compression
platens in a servo-hydraulic load frame that was operated
under load-control. At room temperature the sandwich was

T

AR

s

Fig. 4 Schematic illustration of the setup of the constrained recovery
experiment. 304 SS is used as an example of the replica material

Unload then Cool

NiTi, Indented
and Planarized

T<Mf

NiTi Can Be Reused
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preloaded to various compressive stresses between 50 and
300 MPa in different experiments. After applying the
preload the assembly was heated to 433 K to fully au-
stenitize the NiTi, leading the NiTi exdent to force its way
up against the constraint of the preloaded base-metal block.
The depression in the base metal made in this way is
referred to as a “replica” indent. After heating, and while
still warm, the sandwich was first unloaded, and then
cooled down to room temperature. Dimensional profiles of
the NiTi and base-metal replica surfaces were subsequently
acquired optically.

Figure 5 shows an optical image of the NiTi exdent
(left) next to the replica indent (right) made by it in 304 SS
under a pre-load of 250 MPa (the exdent was made visible
by acquiring the photograph at T > Aj). The experiment
rather clearly indicates the great force that can be exerted
by SFM displacements.

There exists an alternate stress—temperature path along
which the above experiment may be conducted—one that
produces a more pronounced replication effect. In this
variation the protocol described above is repeated, except
that unloading is done after the specimen has cooled (i.e.,
cooling occurs while the servohydraulic apparatus main-
tained a constant axial force).

The upper limit of temperature (433 K) used in these
experiments was chosen to insure full austenitization of the
NiTi SFM sample under the maximum anticipated preload.
Stress alters transformation temperatures according to a
modified Clausius—Clapeyron equation, d7/de = Tyey/
AH. The enthalpy of the SMA used in this study was
15.6 J/g, giving d7/doc = ~0.172 K/MPa, such that a
preload of 300 MPa would be expected to increase A, from
388 to 440 K at the maximum preload of 300 MPa (here,
Ty is taken as (My+ Ap/2 and ¢ is taken as 0.05, the strain
at the end of the detwinning plateau). There is thus confi-
dence that martensite was nearly fully transformed during

Fig. 5 Optical image of the NiTi exdent and replica indent in 304 SS
after replica indentation with a preload of 250 MPa
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;[r‘lzl;liaztioiﬁla?zrlag)iz 40'SS, 304 Indent depth Load Ind'enter a/r ratio Cor}tact Contalct2 Hardness,
SS. and Al 6061-T6 at 433 K (mm) (N) radius (pum) radius (pm) area (m~) Hyyo (GPa)
440C SS
5.0 35 800 0.112 89 2.51E — 08 1.39
7.7 55 0.138 111 3.85E — 08 1.42
12.5 100 0.176 141 6.25E — 08 1.60
Average 1.47
304 SS
7.9 38 800 0.140 112 3.94E — 08 0.96
11.3 56 0.167 134 5.64E — 08 0.99
19.0 105 0.217 173 9.40E — 08 1.06
Average 1.00
6061-T6 Al
7.5 35 800 0.137 109 3.73E — 08 0.94
11.8 55 0.171 137 5.89E — 08 0.93
23.3 103 0.240 192 11.6E — 08 0.89
Average 0.92

heating, and the close to the maximum response was
achieved.

Experiments designed to estimate the energy density
connected with the displacive transformations underlying
the SFM effect require that the work of indentation be
estimated for a spherical indent of a given depth. This
essentially amounts, in this context, to a determination of
the hardness of the base metal coupons used in the study,
measured using indentation geometry similar to that pro-
duced by the SFM exdent, and at a similar temperature. In
addition, the hardnesses should be measured after the
coupons had been cycled once to the preload stress used in
the experiment (250 MPa). Measurements were made at
433 K using a 1.59 mm diameter tungsten ball under loads
of 30, 50, and 100 N. The hardness values, taken as the
load divided by the projected indent area, were used to
interpolate the presumptive force exerted by the NiTi ex-
dent as it displaced against the same base metal constraint,

Fig. 6 Surface profiles of NiTi

assuming that the work of indentation was the similar in
both cases. Results for these calibration indentations are
given in Table 2, which also gives average values that were
used in the energy density calculations. To express the
resulting work of indentation as an energy density we
simply divided this energy by the volume of a hemisphere
having radius equal to the experimentally determined value
of D* applicable to the particular a/r ratio used for the
original NiTi indent.

Results
Spherical replica indentations
Figure 6 shows optical surface profiles for a NiTi exdent

and its corresponding replica indent in 304 SS made using
a preload of 250 MPa (the profile for the NiTi exdent
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having been measured at 433 K under zero load, after the
replication experiment). The replica indent depth (17 pm)
is around 57% of the exdent height previously measured in
free recovery (30 um). The free-recovery exdent height
after the experiment decreased by 18.3% to 24.5 pum,
probably because cooling under load plastically deformed
the martensite at the preload stress of 250 MPa.

The relationship between the replica indent depth and
the preload was determined in similar experiments for each
of the three base metals. In Fig. 7, the results show that
replica indent depth increases with increasing preload
stress, reaching a maximum near 250 MPa, and apparently
declining for higher preload stress. The peak stress level is
close to the yield stress of the austenite phase in this study.
Increasing the preload beyond 250 MPa leads to a drop of
the replica indent depth, probably because plastic slip
deformation of the NiTi during austenitization decreases
the maximum NiTi exdent height, although a greater
degree of work-hardening of the base metal may also
contribute to the effect. It is tentatively concluded that the
optimum preload stress is just below the austenite yield
stress of the SMA used.

These experiments demonstrate that SFM in NiTi can be
used to make replica indents in a variety of materials at
various preload stresses. The hardness of the base metal
naturally influences how deep a replica indent will be for a
fixed preload stress. Figure 8 plots the replica indent depth
against the base-metal hardness (taken as the average val-
ues reported in Table 2) for each of the three alloys, and for
each of the four preload stresses used. The replica indent
depth is seen to be a linear function of base-metal hardness,
assuming that a base-metal hardness of zero would lead to
a replica depth equal to the free-recovery height of the
SFM exdent (30 microns). Extrapolation of the individual
plots to zero replica indent depth provides an estimate of
the maximum hardness of a base metal that could be
indented by SFM for the various loads used. For example,
it would be predicted that for a preload of 250 MPa, the
maximum hardness, H*, of an indentable base metal would
be 2.25 GPa. Linear curve fits give H* values of 1.87, 2.26,
2.29, and 2.63 GPa for preload stresses of 125, 200, 250,
and 300 MPa, respectively, showing that H* increases with

Fig. 9 a Plot of H* against the
preload stress. A parabolic fit
suggests that 480 MPa is the

largest preload stress that can be ©

Lo o

used to make a replica indent at 0]

.

T

(a) 3

433 K. b Plotting preload stress
against H* divided by the
preload produces a similar
estimate
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Fig. 7 The relation between replica indent depth and preload stress
for two SSs and 6061-T6 aluminum (the parabolic curve fits shown
were computed assuming that the replica indent depth would be zero
for zero preload stress)
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Fig. 8 Plot of replica indent depth against the material hardness at
preload stresses of 125, 200, 250, and 300 MPa

increasing preload. This relationship is clearly shown in
Fig. 9 which plots H* as a function of the preload stress. A
second-order polynomial fit to this data leads to a peak
around 250 MPa, corresponding to the optimum preload to
generate replica indent revealed in Fig. 9a. Extrapolation
of the parabolic fit suggests that at a preload stress of
around 480 MPa no replica indent could be made,
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regardless of the base-metal hardness. A similar estimate
comes from fitting a plot of H* divided by the preload as a
function of preload, as shown in Fig. 9b.

This maximum preload level of 480 MPa can be inter-
preted as a stress high enough to suppress the M-to-A
transformation by increasing the transformation tempera-
ture for this reaction to above the 433 K maximum tem-
perature used in our experiments. Assuming d7/
do = ~0.172 K/MPa, as detailed in the previous section,
the transformation temperatures should increase by 83 K,
raising As to 432 K and Arto 471 K. Thus, at a preload of
480 MPa, little or no transformational activity should be
expected at 433 K. Conversely, if this explanation is cor-
rect, it may be possible to indent at higher preloads if the
maximum temperature attained in the replication experi-
ment were increased sufficiently. Increasing the tempera-
ture, however, will simultaneously decrease the flow stress
of the austenite due to slip, and the maximum possible
preload and substrate hardness levels have not yet been
established.

Path dependency of replica indentation

Table 3 summarizes the effect of the unloading protocol on
the replica indent depth. Data are shown for indents in
6061-T6 Al and 440 SS alloys, each processed either via
path (A) in which the specimen was unloaded before
cooling, or via path (B) for which cooling occurred under
the preload stress of 250 MPa. The cooling rate, as mea-
sured by two thermocouples, one placed on the NiTi
specimen and another placed on the replica material were
in both cases approximately 5 + 1 Ks™~' (the hydraulic
compression stages were water cooled). For aluminum,
cooling under load produced a replica that was 1.4 times
deeper than occurs when cooling after unloading; for 440
SS the depth was 1.6 times greater.

Some reflection suggests that this is probably not strictly
a thermomechanical path dependency, but probably relies
on thermal gradients during cool-down of the specimen
when processed according to path B. The exdent/replica
features occupy a relatively small volume near the center
of the sandwich and would thus, as shown schematically in

Table 3 Path dependency effect on the replica indent depth at pre-
load of 250 MPa

Path Replica indent depth (pm)
6061-Al 440 SS

A: cooling under zero load 14.3 8.0

B: cooling under 250 MPa stress 20.1 12.8

B:A ratio 1.4 1.6

Fig. 10 Schematic temperature distribution for a NiTi—base metal
couple after partial cooling from a temperature above Ay under a
constant preload stress. Because the region near the exdent/replica
cools more slowly there will be a period during which the material
surrounding the indent has martensitized but that in the indent zone
has not. The surrounding material deforms further under the constant
preload stress, allowing the still-austenitic exdent to penetrate further
into the base metal

Fig. 10, be expected to cool more slowly than material at
the surfaces (where the temperature measurement was
made). Therefore, as the NiTi martensitizes, it does so first
at the periphery, allowing the preload stress to deform the
martensite at the margins surrounding the exdent. The
exdent in the interior remains austenitic longer and is thus
able to further indent the base metal, up until the point
when exdent also martensitizes, and therefore “retracts”,
some moments later. What is observed is therefore essen-
tially an artifact of the isolated nature of the features under
study, and the effect would presumably be much dimin-
ished if path B were conducted quasistatically. This con-
jecture is supported by the greater “path effect” seen for
440 SS (1.6x vs. 1.4x for Al). Even though the steel alloy
is harder than aluminum, its lower thermal conductivity
would lead to even steeper temperature gradients, magni-
fying the effect.

Energy density calculation

Having determined the hardness, H,, (m = 6061, 304, or
440), of the base metals used in the study (see Table 2) we
estimate the maximum spatially averaged force (Prep)
exerted by the emerging SFM exdent by multiplying H,, by
the projected area of the replica indent:

Prepl = na2 H

repl®tm

where a is the measured in-plane replica indent diameter. If
this force increases linearly from zero to its maximum, the
energy of indentation is U; = 1/2Pepidrep. The force—dis-
placement curves (Fig. 11) measured by an instrumented
indentation machine indicate that the load—displacement

@ Springer
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Fig. 11 Load-displacement curves of for instrumented hardness
measurements on 304 SS and 6061-T6 aluminum used in the
constrained recovery experiments

characteristic for indentation of 6061-T6 aluminum and
440 SS are in fact approximately linear.

To obtain the effective volumetric energy density it is
necessary to make an estimate of the volume of material in
which the shape-memory mechanisms occur that drive the
SFM effect, i.e., the active subsurface volume contributing
to formation of the exdent. We have previously determined
by experiment [17] values of D*, the depth of this zone. D*
is a function of the a/r ratio used to make the initial indent
in the NiTi material and was found in [17] to be equal to
(1.65 £ 0.09)a for an a/r ratio of 0.71.

With a simplifying assumption that D* represents the
radius of a hemispherical “active zone” centered on base of
the indent, we estimate the volume of the active zone as
V* = 1/2 (4/3nD*’). Dividing the energy of indentation, U;,
by this quantity then provides an estimate of the volumetric
energy density associated with exdent formation in NiTi
during a constrained recovery SFM event. Results of this

calculation for the three base metals studied are summarized
in Table 4. Energy densities estimated in this way have an
average about 12 MJ/m® for the three materials at 250 MPa
preload.

Conclusions

Indentation of martensitic NiTi alloy to a depth such that
the a/r ratio exceeds about 0.25 leads to two-way shape
memory displacements causing the indent to be shallow
when hot and deeper when cool. When such an indent is
ground away at T < My, a bump, or “exdent” will appear
at the site of the indentation that can be caused to emerge
and retreat on thermal cycling between My and Ay The
present experiments show that these surface form memory
displacements can exert sufficient force to plastically
deform a strong base metal alloy, creating what we call a
replica indent. A single SFM exdent can repeatedly create
replica indents in 440 SS with the depth declining over
the first few thermal cycles. It was found that the maxi-
mum shape recovery response occurred when a preload of
250 MPa was used. Minimal shape recovery response
occurred at the preload of around 480 MPa, a stress
sufficient to inhibit martensite-to-austenite transformation.
The replica indent depth could also be increased by
cooling under load.

Preliminary experiments on low cycle fatigue test of
cyclically stable exdents indicate that the replica indent
depth stabilizes after a number of repeated replica inden-
tations for different preload conditions due to the balance
between work hardening and plastic deformation of NiTi
exdent. In view of the fact that the process operates
robustly at the nanoscale, the new technique may be
applicable to a wide range of engineering problems from
MEMS microassembly to nanolithography to thermally
variable friction surfaces.

Table 4 Calculation of energy density for replica indent made under 250 MPa

Material Indent Replica contact Replica  Replica contact Equivalent replicant Indentation Est. D* (m) Est. energy
depth (m) radius aep (M) a/r ratio  area, Arep (m? load, Prept (N) energy, U (J) density (MJ/m®)
440 SS 12.8 868.71 0.0295 2.37 3.49 223 0.94 12.8
E — 06 E — 06 E — 06 E+03 E - 02 E — 03
304 SS 18.6 837.69 0.0444 2.20 2.20 2.05 0.94 11.8
E — 06 E — 06 E — 06 E+03 E—02 E — 03
6061 Al 20.1 832.71 0.0482 2.18 2.00 2.01 0.94 11.6
E — 06 E — 06 E — 06 E + 03 E - 02 E — 03

Boldface indicates the most important data
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