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The technique of dynamic ion mixing involving a physical vapour deposition method and a
simultaneous ion implantation has been used in order to improve the fatigue resistance of
two titanium alloys. This process allows the deposition of adherent NiTi and SiC
amorphous coatings of the order of 1 um thick. Both treated substrates have been tested at
room temperature in the low cycle fatigue range, revealing significant fatigue life
improvement. NiTi and SiC films modify the surface deformation mechanisms of fatigued
materials and largely suppress or delay crack initiation. These effects depend, however, on
the nature of the film, the microstructure of the substrate and the stress amplitude applied
during the fatigue tests. To explain the fatigue results, the mechanical properties of these
thin films have been characterized by different techniques: scratch-tests, micro-Vickers
indentations, Young’s modulus measurements by a resonant frequency method and
“fracture stress” determination by in situ tensile tests. The results have shown that their
mechanical properties are very different to those of the corresponding classically deposited
solid materials and are influenced by the film thickness. The results are discussed
according to the mechanical properties of the coatings and the substrate deformation and
damage modes associated with their microstructure. © 7999 Kluwer Academic Publishers

1. Introduction ionimplantation. Such a method permits the fabrication
In titanium alloys, as in most homogeneous metallicof amorphous or nanocrystalline films with thicknesses
materials when cyclically deformed, microcrack nucle-of the order of a micrometer [10-12]. These thin coat-
ation takes place from the surface and cracks grow prangs exhibit a gradual and mixed interface with the sub-
gressively into the bulk. Indeed, the free surface modistrate, resulting from a spatial redistribution of atoms
fies the strain and stress state of the first atomic layergver relatively long distance which favors their adhe-
and allows the emergence of slip bands within the sursion [13, 14].
face grains [1, 2] or the development of microsteps at It has been shown previously that DIM coatings, spe-
grain boundaries or others interfaces [3, 4]. It is wellcially NiTi films, have considerable beneficial effects
known that such processes constitute preferential sitesn the fatigue resistance of ductile substrates such as
for fatigue crack nucleation [5-8]. Consequently, thestainless steel [15, 16]. For the stainless steel studied,
application of surface treatments is a potential way othe coatings had to accommodate longitudinal defor-
limiting or suppressing fatigue crack nucleation sitesmation due to the cyclic loading conditions. They had
by modifying the mechanical, physical and chemicalalso to accommodate shearing deformation due to the
properties of surface layers. localization of the plastic deformation in the substrate.
Over the past few years, we have studied the influindeed, the persistent slip bands in the bulk which tend
ence of thin films fabricated by the dynamic ion mixing to emerge at the surface induce stresses at the inter-
(DIM) technigue on the fatigue resistance of metallicface coating/substrate and in the coating. The best re-
materials. This technique, which has been describedults have been obtained when a good compromise was
previously [9], has been developed in the “Laboratoirereached between the mechanical properties of the films
de Métallurgie Physique” of the University of Poitiers. (low Young's modulus, ductile or brittle character) and
It involves a coating deposition method (physical vaporthe deformation conditions imposed upon the coating
deposition) combined with a simultaneous high energypy the substrate during fatigue tests [17].
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The aim of this paper was to investigate the effects
of DIM NiTi and SiC coatings on the fatigue properties
of two different ¢ + B) titanium alloys. On such sub-
strates, which have strong elastic properties, the coat-
ings have to accommodate higher cyclic total deforma-
tion than on steel substrates. On the other hand, the
deformation of the coatings in the shearing mode is
much smaller.

The first part of the paper presents the fatigue results
for coated materials and also the mechanical proper-
ties of the DIM films. The following discussion will
take into account these specific properties and the dif-
ferent deformation and damage modes of the titanium
substrate, which differ according to its microstructure.

2. Experimental procedure

2.1. Fatigue tests

Smooth cylindrical specimens with a diameter of
6 mm were used; they were mechanically polished
with a 0.25um diamond paste. Fatigue tests were
carried out at 0.25 Hz, in air, at room temperature, in a
symmetrical uniaxial push-pull mode R —1), under
stress control. Tests were performed at an amplitude
of Ac/2 = £750 MPa for Ti-6A1-4V alloy or at
+750 MPa and+850 MPa for the lamellar Ti 6246
alloy. These stress amplitudes were lower than the
yield stress for each alloy (Table 1).

2.2. Materials

The Ti 6Al 4V type titanium alloy (80% of pri-
mary ) presents a heterogeneously globulized struc-
ture consisting of important colonies of aligned coarse
a platelets surrounded by small equiaxial grains [18].
The second titanium alloy is Ti-6A1-2Sn—4Zr-6Mo Figure 1 SEM micrographs of deformation of DIM NiTi and SiC coat-
B forged (Ti 6246) with a lamellar structure, the pri- ings for equivalent indentation conditions. (a) NiTi film 1,0 thick;
marya platelets having lengths between 3 ang®0.  (b) SiC film 1.02 thick.

Some mechanical properties of both alloys are indicated

in Table 1.

(b)

Transmission electron microscopy (SEM) and sec-
) ) ondary ion mass spectrometry investigations have
2.3. DIM coating technique _ shown that DIM NiTi and SiC films are dense and ho-
DIM NiTi (Ni 55Tiss) and SiC (SdgCap) coatings, 0.210  j5geneous. Both coatings have an amorphous structure

1.35um in thickness, were deposited at room tempery1 9] with, for SiC coatings [20], some areas exhibiting
ature by a sputtering method using a broad bearn Ar the first stage of-SiC nanocrystallization.

ion source of the Kaufman type. During the deposition  g¢ach-tests have been applied to characterize the
process, the film was simultaneously bombarded with, yhesion of NiTi and SiC films. Both coatings remained
high energy Ar™ ions (320 keV), which were selected hofectly adherent to the titanium substrates.
and accelerated in an implanter of type *Medium Cur-" vjicro-vickers indentations have been performed on
rent Implanter”. To ensure good homogeneity of thegach coating. The deformation appearance of the inden-
coating, the cylindrical fatigue specimens were rotateations and also of the scratch-tracks revealed the good
about their axis during the treatment. roperties of NiTi coatings (ductile and/or superelas-
Some characteristics and properties of thesgjc) ' \which were able to accommodate very high plastic
thin coatings have been determined previouslygetormations of the substrate (Fig. 1a). In contrast, the
brittle nature of SiC coatings was revealed (Fig. 1b).
TABLE | Mechanical properties of the two titanium alloys

TABV Ti6246
3. Results

E (GPa) 123 1254 3.1. Cyclic deformation and damage

E("/tgwp ) E#; 92%-1 of untreated materials

ovs (MPa ' Jos .

oues (MP) 1035 1061 Ti—-6A1-4V titanium alloy was tested under a cyclic

stress amplitude oho /2 = £750 MPa (<0.750y) in
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air, at room temperature. Under this amplitude, the maemergence (Fig. 2b). The fatigue damage was dis-
terial was cyclically deformed in the elastic field and tributed in accordance with the gkgrain texture. The
the number of cycles at failure was about 5000 cyclessame crack initiation sites have been observed for a
Moreover, regularly interrupted tests and SEM obsercyclic stress amplitude of 850 MPa; however, the num-
vations of the specimen surface have shown that cracker of extrusions and microcracks was higher. There-
initiation occurs at a number of cycles lower than 10 perfore, for the same cyclic stress level, the greater resis-
cent of the total number of cycles to failure [18]. Conse-tance of the Ti 6246 alloy compared to the Ti-6A1-4V
quently, for the testing conditions investigated here, thalloy is due to a higher resistance to crack initiation.
fatigue lifetime was mainly determined by the duration

of the crack propagation stage. The fatigue damage of

this alloy was also characterized at failure by a high3 2. Characteristics of fatigued NiTi and SiC
number of surface-initiated cracks, about 10 cracks per  ~oated materials

mi? for the studied cyclic stress amplitude. Crack initi- The results for the fatigue lifetime of both treated tita-
ation sites were localized within theplatelet colonies,  njym alloys are given in Tables Il and I1l. These results
either perpendicularly to the grains or following the  show that an important improvement of the fatigue re-
o/p interfaces. Rapid subsequent crack propagation OGsjstance can be obtained with thin DIM coatings, espe-
curs within the colonies (Fig. 2a). cially for the treated Ti 6246. Both NiTi and SiC coated

For Ti 6246, two cyclic stress amplitudes have beenrj 6246 samples tested undes /2 = £750 MPa have
used:Ao/2 = £750MPa and850MPa; the Cor- peen cycled up to 18 times the reference fatigue life
responding fatigue life was 12000 cycles and 400Qyjthout developing any damage. After obtaining to this
cycles, respectively. A regularly interrupted test, atheneficial effect on the fatigue life at 750 MPa, subse-
750 MPa, has shown that cracks appear at half-fatigugyent fatigue tests have been carried out under a higher
life, later than for Ti-6A1-4V, and the total surface cyclic stress amplitude of 850 MPa. For this amplitude,
crack density at failure was lower (0.8 cracks perrptyre of the specimen occurred. For the Ti-6A1-4V
mn¥) [21]. For the two investigated stress amplitudes,gjioy, the influence of the treatment-a750 MPa was
crack initiation occurs mainly at theplatelets-matrix  \yeaker, since no effect or only small effects on the
interface (1-5@:m) accompanied by some extrusion fatigue life were observed.

In all cases, except for the thickest SiC film, most
of the microcrack sites were suppressed. The number
of cracks which formed was frequently reduced to only
one crack, sometimes accompanied by a few secondary
cracks.

For the thin NiTi coatings (0.2m), SEM permits
us to observe the substrate microstructure through the
coating and consequently to detect the first stages of
fatigue damage. Fig. 3 shows the nature of the crack
initiation sites for the thin NiTi-coated Ti 6246 sample.

TABLE Il Number of cycles at failure for the treated Ti-6A1-4V

Y ey . . R
002 25KV ™ RS WD16 ftanium alloy
) Coating thickness N
Coating wm) (cycles)
SiC 0.25 10800
SiC 1.00 5545
NiTi 0.35 5140
NiTi 1.50 14400

Nt reference= 5000 cycles£750 MPa).

TABLE Il Number of cycles at failure for the treated Ti 6246 tita-

nium alloy
Coating thickness Ao /2 N¢
Coating fwm) (MPa) (cycles)
NiTi 0.2 750 160865
SiC 0.2 750 216000
NiTi 1.0 850 12600
(b) NiTi 0.2 850 5600

Sic 0.2 850 9012

Figure 2 Fatigue crack initiation sites in untreated titanium alloys for
Ao /2 = 750 MPa. (a) within elongatedplatelets colonies on Ti6AI4V;  2Stopped before failure, no surface damage.
(b) at thex plateletsg matrix interface on Ti6246. N¢ reference: (750 MPajx 12 000 cycles- (850 MPa)= 3900 cycles.
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3.3. Mechanical properties of DIM NiTi

and SiC coatings
Initial studies have shown that DIM coatings have good
adherence to the substrate, which is an essential prop-
erty for the film to be useful. Knowledge of the me-
chanical properties of the coating is essential for eval-
uating the stress and the strain imposed on the coating
during the fatigue tests and to explain the fatigue re-
sults. Among these properties, the determination of the
Young’s modulus is of prime importance. For this, we
have performed experiments by a resonant frequency
technigue which has been described elsewhere [22].
This work has shown that the Young’s modulus values
of NiTi and SiC coatings, at room temperature, are re-
Figure 3 Fatigue crack initiation site at theplateletsp matrix interface spectively 105 GPa and 235 GPal(0%), i.e. twice as
for a Ti6246 sample coated with a thin (Q.h) NiTi film after failure  low as the corresponding solid materials [23].
atAc/2 = 850 MPa. The fatigue results have shown that to obtain benefi-
cial effects on fatigue life with this surface treatment,
the coating must be able to accomodate the total lon-

As in the reference material (Fig. 1b), cracks initiateditudinal deformation imposed by the cycling without
at theo platelets-matrix interface. The energy of the '€aching its “oreaking point” (appearance of the first
electrons used in SEM is not sufficient to allow the Microcracks). So, one important mechanical property
observation of the substrate deformation state througfP P€ determined is the “fracture stress” of the films.
thick NiTi films after cycling. But no deformation has For the brittle SiC coatings in particular, this property
been revealed on the external surfaces of these films.Mmust be determined for different thicknesses in order to
For the SiC coatings, fatigue tests results show thagXpPlain the influence of the thickness on the fatigue re-
thin coatings lead to a great improvement of the fatigueSUlts. With this aimin view, tensile tests were carried out
life, even greater than that obtained for thin NiTi coat-USing anin situtensile test apparatus in the “Physique
ings. However, the beneficial effect depends on the filnfles Surfaces” Department of the ETCA. These exper-
thickness. Indeed, the fact that the thickest SiC films aréments, performed in an SEM and/or under an optical
not effective is due to the brittle behavior of this ceramicMicroscope, permitted a direct study of the deforma-
film, which leads to multicracking at the beginning of tiON mode of NiTi and SiC films. In particular, the load

the fatigue test. Fig. 4 shows a large number of brit-corresponding to the brittle fracture of SiC films was

revealed after cycling the treated specimen. “fracture stress” of_the thin_coatings was mu_ch greater
In contrast to the fatigue results obtained with the sicthan that of the tth_k _C_Oatlngs: 1720 MP_a n_wstead of

coatings, the fatigue tests carried out on NiTi-treated ti-800 MPa[24]. For NiTifilms, whatever their thickness,

tanium alloys have shown the thicker the coating, thehe “fracture stress” was much greater than 830 MPa.

greater is the improvement of the fatigue life. A sim-

ilar result had previously been obtained on a 316 L

austenitic stainless steel, for which the greatest effec&_ Discussion

of a NiTi coating on the fatigue life had been observed,,,

for the lowest strain amplitude and for the thickest

deposit [15].

have shown that the DIM technique enables us to
engineer thin amorphous NiTi and SiC coatings which
remain adherent to both titanium alloys during cycling
with significantimprovement of their fatigue resistance.
This fatigue life improvement, which corresponds to
an improvement of the crack initiation resistance, de-
pends on different parameters such as the nature and
the thickness of the film, the stress amplitude applied
during the fatigue test and the substrate deformation
characteristics.

The fatigue tests on thick DIM SiC-coated specimens
have shown that the “fracture stress” of such films is
reached at the start of the tests (first quarter of cycle)
leading to a multicracking process. These cracks, which
in the first stages occurred only in the SiC coating with-
out penetrating into the substrate, did however destroy
the expected beneficial effect of the treatment. Con-
sequently, no improvement of the fatigue life was ob-
tained under these conditions. It must be noted that the
Figure 4 Brittle cracks perpendicular to the stress axis onathigkd ~ Young’s modulus of the SiC coating (235 GPa), which
SiC-coated Ti6Al4V sample observed at failure fiosr /2 = 750 MPa. was lower than that of the corresponding SiC solid

1006



material (440 GPa), remained twice as high as than ofilm mechanical properties and its chemical nature must
the DIM NiTi films. As a consequence, if we consider be taken into account. However, to explain the differ-
that the substrate and the coating are cycled in theiences in the improvement of the fatigue life which have
elastic domain, the stress induced in the SiC film duringoeen obtained for both substrates treated and tested in
equivalent fatigue conditions are twice as high as thathe same conditions, it is also essential to consider the
of the NiTi. The high Young’s modulus associated with deformation and the damage modes, which differ from
the brittle character of the SiC coatings is for fatigueone titanium alloy to the other due to microstructural
applications. However, the fatigue results have showifferences.
that the resistance of SiC films depends on their thick- The microstructure of the Ti—-6A1—4V titanium alloy
ness. Indeed, no crack was for the thinnest SiC coatingstudied in this work is favorable to a rapid microcrack
and in this case afatigue life improvement was obtainedhitiation stage which appears at a number of cycles
contrary to the case of the thick coatings, which predower than 10% of the fatigue life. Indeed, trans-or in-
sented a multicracking for the same fatigue conditionstergranularx /a cracks can initiate easily in the large
The Young’s modulus and the “fracture stress” valuescolonies (30Qwm) of alignedw grains in the reference
of the SiC coatings, which accordance to their thick-material. This phenomenon is associated with large slip
ness, explain these fatigue results. During the fatiguéengths, which facilitate the shearing of the coatings. In
tests carried out abho/2 = +750MPa on the SiC contrast, the fine and homogeneously distributed struc-
coated titanium alloys, the total strain amplitude wasture of the Ti 6246 alloy is more resistant to crack ini-
of the order of 6< 102 and induced a stress in the film tiation. The low deformation which appearsats in-
on the order of 1460 MPa. Thus it is clear that the thickterfaces does not lead to the high surface steps which
SiC films, which have a “fracture stress” of 800 MPa, improves the resistance of the coating to shearing.
will fracture in the first quarter of cycle. On the other Moreover, the first small cracks which appear at the
hand, a thin SiC film tested under the same conditionssurface do not initiate before the fatigue half lifetime.
which has a “fracture stress” of 1720 MPa, will be cy- The Ti 6246 structure exhibits, therefore, a better in-
cled in its elastic domain. Consequently, such a thirtrinsic resistance to crack nucleation, which makes the
film may be efficient at prolonging the fatigue life of beneficial effect of the coatings even greater than that
the titanium alloys. obtained on the Ti-6A1-4V alloy. In all the cases, the
In contrast, SEM observations of DIM NiTi-coated fine Ti 6246 microstructure leads to a great improve-
fatigued specimens led us to conclude that the NiTiment of the fatigue life, in contrast to the heteroge-
films were cycled in their elastic domain. Indeed, gen-neously globulized structure of Ti—-6A1-4V alloy.
erally, no trace of plastic deformation was observed on
the coated samples for which the total strain amplitude
reached respectively6 102 and 68 x 10~2 for both 5. Conclusions
stress amplitudes investigated. If we consider that th&hin amorphous NiTi and SiC films generated via a
film is elastically deformed, the value of the longitudi- Dynamic lon Mixing technique have been used with
nal stresses applied to the coating are lower than thossiccess to improve the fatigue resistance of Ti-6A1-4V
applied to the substrate, because of the lower value adnd Ti 6246 titanium alloys in the Low Cycle Fatigue
the NiTi Young's modulus (105 GPa instead of 120 GParange.
for Ti alloys). The low Young’s modulus of DIM NiTi The mechanical properties of the DIM coatings have
films and the “high elastic” and/or ductile properties re-been characterized and determined by different tech-
vealed by Micro-Vickers indentation and scratch-testsiques adapted for the thin film thicknessed {tm).
are the main reason why these coatings have a higfhe results of this parallel study allow us to explain
propensity to be deformed under the fatigue conditionsome fatigue results and to estimate the applying field
investigated here. Thus, it is clear that to obtain max-of the mixed coatings in terms of fatigue conditions.
imum reduction of fatigue damage, the film should be It has been shown that significant beneficial effects
able to accommodate the longitudinal deformation in-(fatigue life improved by a factor of 20) can be obtained
duced by the cyclic tension-compression which is im-when a good compromise is reached between the spe-
posed on the specimen without reaching its “fracturecific mechanical and chemical properties of these DIM
stress”. films and the deformation conditions imposed on the
Another result was the greater improvement inducedoating by the cycling and the deformation mode of the
by the thin SiC films compared to the effect of the NiTi bulk material.
films, even though both coatings had been cycled in For the experimental conditions presented here, im-
their elastic domain. Such a difference may be attributeghrovement of the fatigue life of the titanium alloys has
to the low chemical reactivity of SiC with regard to been analysed in terms of decrease of the surface dam-
environmental effects. Indeed, it has been shown [25hge and delay in the microcrack nucleation process.
that NiTi films are influenced by the atmospheric en-
vironment, since thin NiTi coatings (0:2m) lead to a
considerable fatigue life improvement in vacuum, butAcknowledgements
to a negligible effect in air. It seems, with regard to The authors wish to thank Turbomeca for providing the
this property, that DIM SiC coatings are more suitabletitanium alloys, the “Physique des Surfaces” Depart-
for limiting environmental effects. Therefore, to obtain ment of the ETCA for then situ tensile tests and the
beneficial effects with such a surface treatment, both th®RET for financial support.
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