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ABSTRACT

Shape memory alloys are well recognized functional and smaterials, which have been
exploited to develop intelligent structures and devices in margdsfi€f particular importance is its
exciting application in the field of biomechanical engineering.atidition, further potential
applications of shape memory alloys are being investigatet, asichape memory alloys-based
functional composites. Recent experimental research indicatesithpé memory alloy nickel-
titanium alloy (NiTi) is superior to stainless steel agamsar and could be applied in tribological
engineering. It is believed that the super wear resistanskape memory alloys is mainly due to
the recovery of the superelastic deformation. Our recent wedy stdicates that wear rate is very
sensitive to the maximum contact pressure. In the present sty involves applying Hertz
contact theory and the finite element method, the wear behavior p& shamory alloys is
investigated through analyzing the contact pressure. In contrést &xisting explanation of the
major contribution of superelasticity, our investigation indicatesth®superior wear resistance of
shape memory alloys is directly linked to the low Young’'s modulughef alloy, the low
transformation stress and large transformation strain, which result in Igimnoma contact pressure
and therefore low wear rate. Additionally, high plastic yield strengtranttormed martensite NiTi
also enhances its wear resistance.

1INTRODUCTION

Shape memory alloys (SMA) are well known for possessing shapmom effect and
superelasticity behaviour due to intrinsic microstructure ttiansiof thermoelastic martensitic
transformation. Both shape memory effect and superelasticity bage exploited to design
functional and smart structures in mechanical and biomedical engmdé-3]. A number of
commercial products are already available on the market.nStanice, couplings and fasteners
based on shape memory effect have been extensively developed and appliedicalrexample is
the large-scale application of SMA coupling to connect titaniumauwitr tubing in the aircraft F-
14 in 1971 [4].

Many more potential applications and mechanical behaviors of SMA been investigated. For
example, an anomalous relationship between hardness and wear gsopieatisuperelastic nickel-
titanium alloy (NiTi) was reported by Qian et al. [5] through their microwests. Recently, several
experimental wear studies of SMA indicate that SMA is sopetd common wear—resistant
materials against wear. For examples, Richman et al [6pwised from their experimental tests
that NiTi alloys, a typical SMA, are much more resistancavitation erosion than even the best
stainless steels. Jin and Wang [7] discovered in their expesrttattthe sliding wear resistance of
NiTi is better than that of nitrided 38CrMoAL1A alloy steel. Thghhwear resistance of this alloy is
believed to be mainly due to its superelasticity or pseudo-élgsbig some researchers. For
instances, Jin and Wang [7] believed that one of the reasons for thedag resistance is NiTi has
high reversible strain ability. Li, in several published papersntioeed that the high wear
resistance of TiNi alloy is mainly attributed to its unique pseudo-eiysi8, 9].



If the recovery of the large deformation due to forward and revérsnsformation, i.e.,
superelasticity, is the major reason for the high wearteesie of austenite NiTi, then it can be
expected that martensite NiTi, which could not demonstrate supge&rddadaviour, would have
poorer wear behaviour. However, experimental study indicates thaéensiée NiTi has similar
erosion wear behaviour to austenite NiTi [6], which could demonsgaperelasticity. This
experimental result implicates that superelasticity mightoecthe only reason for the higher wear
resistance of NiTi. Liang et al [10] pointed out, “it therefeeems unreasonable to emphasize
simply the role of pseudoelasticity in wear behavior of NiTi alloys”.

From a mechanical point of view, wear of metallic materidéfined as the removal of material

from surface due to cyclic mechanical contact either frodingjicontact in adhesive and abrasive
wear or particle impulsion in erosion wear, originates fromtiglaeformation; see [11-13]. Plastic

deformation and accumulation of plastic deformation due to cycldidgawill initiate microcracks

in the surface and eventually wear debris will form. Therefbeewear resistance of a ductile
material can be evaluated by its capacity of plastic detowmander wearing conditions. Under

given contact loading conditions, if plastic deformation is diffitaltboe generated in a material,

then this material is expected to possess high wear resistance.

Generally, in a contact problem, the maximum contact pressusadhsf the total contact force
will directly determine the maximum stress to trigger tdasleformation. For example, the
maximum shear stress is equal to 0.3 of the maximum contasupreis a plane strain contact
problem between two cylindrical bodies [14]. Therefore the maximumtact pressure can be used
to evaluate the initiation of plastic deformation in materiBlased on the wear mechanism of
plastic accumulation and micromechanics analysis, a computatiot-b&sar model was
established recently [13]. According to this model, the accumulatiptasfic deformation, which
determines the wear rate, under sliding condition is very sengitivi® maximum contact pressure.
For example, Figure 1 shows the variation of the normalized wega, We, /1, with the

normalized maximum contact pressug,/ k., wherek; is the shear strength of the material. The

wear rate increases dramatically when the maximum preBgumereases from 3.75 to 4.5 times of
the shear strength. The increasing effect of maximum peessuwear rate has also been obtained
from experimental wear test, see [14]. Therefore, the maxipressure instead of the total applied
load is a key variable to initiate plastic deformation and to evaluate theatear r
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Figure 1. Influence of maximum contact pressure on sliding wear rate.



In this paper, the wear behaviour of NiTi is investigated bgmering the maximum contact
pressure from both Hertz contact theory of elastic contact aitd 8lement analysis for a NiTi
superelastic shape memory alloy and elastic-plastic defamat a stainless steel. The major
factors attributed to the high wear resistance of NiTi will be discussed basthe results obtained.

2EXAMINATION BASED ON HERTZ THEORY

A simplified two-dimensional contact model is shown in Fig. 2itwuate the mechanics action of

a sliding wear process. At microscale the surfaces angacted through asperities due to the
roughness of the surfaces. The rigid cylinder in Fig.2 repreadmasd asperity, which is subjected

to an applied per unit thickness forEeand contacts a half-infinite body. The half-infinite body
represents NiTi or steel with the elastic moduluk ahd the Poisson’s ratio of

F
rigid

Figure 2. lllustration of a rigid asperity contacting NiTi alloysteel

According to Hertz theory of elastic contact, the maximum pressure is

_ FE* 1/2
Po = (F] 1)

whereR is the radius of rigid asperity arlel = E/(1-v? . The Poisson’s ratios of a NiTi alloy and

a steel can be reasonably assumed as the same. Therefomaximum contact pressure is
proportional to the square root of the Young’s modulus, i.e.,

po O (E)™* 2)
The Young’'s modulus of a steel is about 200GPa while it is much low@iTi alloys, which is
about 60 GPa from a uniaxial test in [15]. Therefore, under sapleec force and same contact
geometry, the maximum pressure in NiTi about alloy is about 0.56eofmaximum pressure in
typical steel from this simple Hertz elastic contact asialyln comparison to normal steel, NiTi
alloy has a lower elastic modulus, which will result in loweaximum pressure and delay the
plastic deformation, therefore contributing to the increase of the weaanesish this material.

3 EXAMINATION BASED ON FINITE ELEMENT ANALYSIS

In the previous section, we used Hertz theory to analyze the miaxgontact pressure for a typical
NiTi alloy and a typical steel alloy. Strictly, Hertz trg is only suitable for elastic materials.
During a wear process, the material close to the failure gooeld be in plastic state either for a
steel or a NiTi. In the case of superelastic austenite &lldys, prior to plastic deformation, the
material will experience forward austenite-to-martensaegformation, which accompanies large



deformation. Therefore plastic deformation in steel and the datmm due to martensitic

transformation plus plastic deformation in NiTi should be consideredder @0 get the accurate
results of the maximum contact pressure during a wear process.th¢ numerical approach, the
finite element method, is utilized to simulate the contact problefastic-plastic contact for steel
and elastic-transformation-plastic contact for NiTi.

A typical NiTi superelastic alloy from [16] is considered I tcurrent investigation. As shown in
Fig. 3, in the uniaxial tensile test for superelasticitygarge deformation, over 4%, due to austenite
to martensite forward transformation can be recovered during tbadind) reverse transformation
process, from martensite to austenite, which is indicated bgaiiee line. If the load is increased
continuously after the full forward transformation, as indicatethb dashed line in Fig. 3, now the
martensite of the NiTi alloy will have normal plastic defatran until it fails. The uniaxial tensile
stress-strain curve of a typical stainless steel gidfS31803) from [17] is also plotted by the
dash-dotted line in Fig.3. If the load is increased continuously, thi#etsteel bar will experience
elastic deformation, plastic deformation and eventually breaking.
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Figure 3. Superelasticity and superelastic-plastic deformation ofiaaNoy [16] and elastic-plastic
deformation of a stainless steel [17].

The basic material data for the steel and the NiTi alleysammarized in Table 1, which are
applied in the finite element simulation. The geometrical model is the aathe one shown in Fig.
1. The radiusR of the rigid asperity is chosen as 0.4 mm. In our simulation, th&gi\a®f the
steel is treated as normal isotropic hardening. A combined traresfion plus plasticity model
developed by Yan et al [18] is utilized in the present investigatibis dombined model cannot
only describe the superelastic phenomenon of shape memory alloy thghransformation range
but also describe the plastic deformation and the constraint oicpd@sbrmation on transformed
martensite.

Table 1. Basic material data for the NiTi alloy [16] and the stainlesk[$#g

Alloy Young’s Transformation Yield strength| Ultimate
modulus (GPa)stress (MPa) | (MPa) strength (MPa)
NiTi 62 407 1058 1330
Stainless stee] 200 | @ ------ 575 805




Figure 4 shows the numerical results of the maximum contacypeeas a function of the applied
contact force for both stainless steel and NiTi alloy. ktlear to see that the maximum contact
pressure,p,, is smaller in NiTi than in the stainless steel until theiaddbrce is over about 140 N

or until the value ofp, is over 1700 MPa. This high contact pressure corresponds to a severe

sliding wear in steel. Therefore, the maximum contact pressutee steel, in most sliding wear
cases, will be much higher than that in NiTi alloy, which wdhtribute higher wear rate in steel
based on the wear model of plastic deformation accumulation as édduasthe introduction. In
the elastic contact region, as discussed in previous section, tee Yaung's modulus of NiTi
contribute to lower maximum contact pressure in the NiTi. In tg@mneabove the elastic contact,
as shown in Table 1, the transformation stress of 407 MPa of theidNIdwer than the yield
strength of 575 MPa of the steel. Furthermore, as shown in Figaeadeformation with close to
zero hardening occurs during the forward transformation. Theskeated reasons for the NiTi to
obtain larger contact area and lower contact pressure under tkel@ing condition once the
load is over the elastic limit.

At the point of equal maximum contact pressure in the NiTi andersteel, our numerical results
indicate that the steel close to the contact zone experienodscaig plastic deformation with the
maximum equivalent plastic strain of 4.71% while it is only 0.16% e NIili early in yielding
stage. Consequently, the steel close to the contact zone iseskpedail earlier than the NiTi
under such cyclic contact conditions in a wear test, considering po3sessing comparable
ductility. Lower plastic deformation in NiTi is due to higher digdtrength of the transformed
martensite in a NiTi, which is 1058 MPa against 575 MPa in the steel as shown in Table 1.
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Figure 4. Variation of the maximum contact pressure with the applied contactriorceE
simulations for elastic-plastic stainless steel and superelassicedaTi alloy.
4 CONCLUSION
Based on the wear model of plastic deformation accumulation, thenomaxcontact pressure is

very sensitive to the wear rate. Higher maximum contact ymesgould lead to higher wear rate.
The maximum contact pressure in a typical superelastic Noh and in a typical stainless steel is



examined by using Hertz elastic contact theory and the firetaezit method. Our results clearly
indicate that lower Young’s modulus results in lower contact pressuhe NiTi within the elastic
contact limit. Beyond the elastic contact limit, the fact tha transformation stress in the NiTi is
lower than the yield stress of the stainless steel wibl msult in lower contact pressure in a typical
wear test. Our numerical results also indicate that hightt sieess of the transformed martensite
in NiTi will increase the wearing resistance of this matefurther. This investigation clearly
demonstrates that the high wear-resistance of NiTi is nablyndue to the recovery of the
superelastic deformation.
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