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Abstract

An original nitriding method [powder immersion reaction assisted coating (PIRAC)] for improving wear resistance of Ti-based
surgical alloys was developed. CP Ti and Ti±6Al±4V alloy samples were annealed in sealed stainless steel containers that allow
selective di�usion of nitrogen atoms from the atmosphere. The microhardness-microstructure and nitrogen concentration relationship
were studied for TiN-based PIRAC coatings grown at 850±1100�C. Phase identi®cation and microstructure characterization of

nitrided samples were performed by XRD, SEM/EPMAandHRSEM. The e�ect of PIRAC coating on fretting behavior of Ti±6Al±4V
was studied in vitro under conditions simulating in vivo conditions at the interface of modular orthopedic implants. A signi®cant reduction
in friction coe�cient and fretted areas was measured for the coated samples. # 2000 Elsevier Science Ltd and Techna S.r.l. All

rights reserved.
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1. Introduction

Titanium and its alloys are widely used as implant
materials and typically exhibit excellent biocompatibility.
At the same time, Ti alloys su�er from inadequate wear
resistance hampering their use as articulating devices.
Adhesive and abrasive wear, as well as relative sliding at
fretting±prone interfaces between mating modular com-
ponents of orthopedic implants, generate particular
wear debris jeopardizing the stability of the prosthesis.
An e�ective approach to reducing particulate-gen-

erating potential is providing an implant with a harder
and more durable surface. Titanium nitride (TiN),
whose favorable tribological properties (high hardness,
low friction coe�cient) are widely known, is one of the
materials that are considered for use as wear-resistant
coatings for orthopedic implants. Typically, TiN coat-
ings are fabricated by CVD, PVD or plasma nitriding.
The former two techniques su�er from poor bonding
integrity of the substrate/coating interface, while the
cost-e�ectiveness of the latter method is questionable.

In this paper, a new method (or, rather, a modi®cation
of the earlier developed powder immersion reaction
assisted coating (PIRAC)method [1]) of growing thick TiN
coatings on Ti-based surgical alloys is described. The
method is based on annealing the sample in the atmo-
sphere of highly reactive nitrogen which is supplied either
by decomposition of unstable nitrides, or by selective
di�usion of N from the atmosphere. Such PIRAC
coatings are akin to oxide ®lms on metals and alloys,
and are characterized by strong adhesion to the substrate.

2. Experimental

In the present study, bulk commercially pure (CP) Ti
and Ti±6Al±4V alloy were used. Samples 5�8�18 mm
with a good surface ®nish were prepared by cutting and
grinding. The samples were PIRAC-nitrided by anneal-
ing at 850±1100�C in sealed stainless steel containers
that allow selective di�usion of nitrogen atoms from the
atmosphere.
Microstructure characterization and coatings thickness

measurements were performed using optical metallo-
graphy, scanning electron microscopy (SEM) and high
resolution SEM (HRSEM). Phase identi®cation was
done by means of X-ray di�raction. Di�usion pro®les
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of N, V and Al in the surface layers of coated samples
were measured by quantitative electron probe X-ray
microanalysis (EPMA). All microhardness measurements
were made under a load of 25 gf using a Knoop dia-
mond indenter.
Fretting behavior of coated (950�C, 3 h) and uncoated

Ti±6Al±4V was studied in vitro under conditions simu-
lating in vivo conditions at the interface of modular
orthopedic implants. Pin-¯at pairs of either coated or
uncoated samples were tested in a fretting apparatus at
90±100 mm displacement in tris bu�ered solution (pH
7.4 at 37�C) supplemented with electrolytes typical for
plasma and 10% serum (TES) for up to 100,000 cycles.
Prior to testing, uncoated samples were cleaned ultra-
sonically and passivated in 40% HNO3 at 550

�C for 20
min (according to ASTM F86). TiN coated Ti±6Al±4V
alloy pin and ¯at were cleaned, but not passivated. The
samples were stored in a dessicator before testing. The
applied load varied from 1.5 to 6 N.
Fretting behavior was assessed by measuring friction

coe�cients and fretted surface areas as a function of
applied load and number of cycles. Frictional force was
calculated from the de¯ection of the loading rod and
pin sample, using linear variable di�erential transfor-
mers (LVDTs). The frictional force was divided by the
applied normal load to obtain the friction coe�cient.

3. Results and discussion

PIRAC nitriding of CP titanium at T4900�C and of
Ti±6Al±4V at T4950�C did not lead to signi®cant grain
growth or noticeable microstructural changes compared
to the as-received materials. At higher temperatures, the
coarsening of microstructure took place in both pure
and alloyed Ti. In addition, annealing Ti±6Al±4V at
T51000�C (above b-transus) produced an (a-b) lamellar
microstructure. Representative microstructures of Ti
and Ti±6Al±4V after various nitriding anneals are
shown in Fig. 1.
PIRAC nitriding of CP Ti and Ti±6Al±4V at

T41000�C yielded two layer coatings (Fig. 2). According
to XRD analysis, the coatings consisted of the surface
layer of d phase, TiN1±x, and the inner layer of e phase,
Ti2N (Fig.3), with the fraction of e phase decreasing with
increasing treatment time and temperature. As seen in
Fig. 2, the grains of the e phase grew normal to the sur-
face. Abnormal peak intensities suggest the preferred
(002) orientation of e-Ti2N with its c axis parallel to the
direction of growth. Such orientation of e-Ti2N has been
previously reported for other nitriding methods [2,3].
Beneath the Ti2N layer, a region of solid solution of

nitrogen in Ti, a-Ti(N), was detected. Peaks of a-Ti(N)
in the XRD pattern (Fig. 3) are shifted towards lower
di�raction angles compared to those of pure a-Ti,
indicating the presence of dissolved N in the lattice.

Fig. 1. Representative microstructures of Ti±6Al±4V alloy after

PIRAC treatment at 900�C for 2 h (a) and at 1000�C for 1 h (b) (�
675, optical microscopy).

Fig. 2. HRSEM micrograph of PIRAC-nitrided Ti±6Al±4V sample

(1000�C, 16 h), cross-section.
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Longer anneals yielded thicker coatings, with the peaks
of a-Ti(N) in the XRD pattern becoming weaker and
the peaks of TiN becoming stronger.
After treatment at 1100�C, the compound layer con-

sisted of the TiN phase only. This is in agreement with
the Ti±N phase diagram indicating that Ti2N decom-
poses above 1080�C. After short (2±4 h) anneals at all
the temperatures, d-TiN formed on the CP Ti surface
had a (111) preferred orientation which disappeared
after longer exposures.
In Figs. 4 and 5, EPMA scans for Ti, N, Al and V

across the nitrided surface of Ti±6Al±4V and CP Ti
(900�C, 4 h) are shown together with the corresponding
SEM micrographs. For both materials, the surface layer
with high N concentration is followed by a region
characterized by gradually decreasing N content. The
concentration pro®le of N in Ti±6Al±4V is much steeper
and the di�usion depth of N is much shorter than in CP
Ti. The surface layer of nitrided Ti±6Al±4V contains
practically no Al or V. This must be due to the lower
a�nity of V and Al for N leading to the preferential
reaction between Ti and N. The concentration pro®le of
Al features a sharp peak immediately after the nitride
layer, after which the pro®les of both Al and V remain
relatively smooth as long as some N is present. Most
probably, this corresponds to the N-stabilized a-Ti. The
pro®les beyond the N di�usion depth feature large ¯uc-
tuations corresponding to a- and b-Ti grains with their
di�erent solubility for Al and V. The absence of Al and
V in the surface layer is signi®cant, as both are known
have certain toxic e�ects in the human body.
In Fig. 6, the thickness of the compound layer on CP

Ti and Ti±6Al±4V formed at 850±1000�C is given as a
function of the square root of time. The straight lines
obtained suggest a volume di�usion controlled process.
In contrast to coatings obtained by plasma nitriding [4],
the compound layer on Ti±6Al±4V is always thicker
than that on CP Ti after similar treatments. This could
be due to the segregation of aluminum near the Ti2N/a±

Ti(N) interface, since Al was previously reported to
inhibit the di�usion of nitrogen into Ti [5], leading to
the increased local concentration of N and the forma-
tion of e-Ti2N.

Fig. 5. EPMA line scans of N and Ti across the surface layer of a CP

Ti sample nitrided via PIRAC at 900�C for 4 h, and the corresponding

SEM micrograph.

Fig. 4. EPMA line scans of N, Ti, Al and V across the surface layer of

a Ti±6Al±4V sample nitrided via PIRAC at 900�C for 4 h, and the

corresponding SEM micrograph.

Fig. 3. XRD patterns of CP titanium nitrided via PIRAC at 950�C for

4 and 16 h.

A. Shenhar et al. / Ceramics International 26 (2000) 709±713 711



The activation energies for the nitride layer growth
obtained by the Arrhenius analysis of growth constants
are �166 and 117 kJ/mol for the CP Ti and Ti±6Al±4V,
respectively. The value of 166 kJ/mol is comparable to
the activation energies of N di�usion in both e and d
phases [6] suggesting that di�usion through the com-
pound layer is the rate controlling stage of the coating
growth on CP Ti.
Continuous microhardness pro®les were measured

along the cross section of nitrided CP Ti samples (Fig. 7).
The microhardness pro®les match the N di�usion pro-
®les obtained by EPMA scanning, suggesting that the
decrease in microhardness is due to the reduction in N
concentration. The gradual hardness decrease away
from the surface is a very attractive feature of PIRAC-
coated samples, since the hardened bulk material provides
an optimal support for the hard surface layer. Much
steeper microhardness pro®les were measured in Ti±

6Al±4V, again in agreement with the N concentration
pro®les.
In Fig. 8, the plots of fretted area, FA, as a function

of applied load for coated and uncoated samples are
presented showing a linear increase of FA with applied
load in both cases. At the same time, a 6±7 fold decrease
in FA was observed to result from the TiN coating at all
loads applied.
Fig. 9 shows the e�ect of the coating on the change of

the friction coe�cient with fretting time for coated vs.
uncoated similar pin-¯at pairs. The data of Fig. 9 indicate
that the friction coe�cient of TiN-coated pairs was sig-
ni®cantly lower than that of uncoated ones, at least at the
initial stages of the fretting test. The reduction in the
friction coe�cient for TiN-coated pairs is due to the
much harder surface of the coated alloy. At the same
time, the tendency of the change of the friction coe�cient
with fretting time, i.e. increase at the initial stage followed

Fig. 6. Thickness of the compound layer versus square root of time for CP Ti (a) and Ti±6Al±4V (b).

Fig. 7. Knoop microhardness as a function of distance from the sur-

face of PIRAC-coated CP Ti.

Fig. 8. Fretted area of uncoated and PIRAC- coated similar pairs (Ti±

6Al±4V) as a function of applied load (100,000 cycles).

712 A. Shenhar et al. / Ceramics International 26 (2000) 709±713



by a subsequent decrease, was similar for both surface
conditions, though the decrease occurred much more
slowly for the coated samples. It was suggested earlier
that boundary lubrication by absorbed serum molecules
was responsible for the reduction in friction coe�cient
with fretting time in serum-containing solutions [7].

4. Conclusions

The surface of CP Ti and Ti±6Al±4V surgical alloy was
modi®ed by nitriding via an original PIRAC method.
The method is based on annealing a Ti-based substrate
under a low pressure of highly reactive nitrogen obtained
by selective di�usion of atmospheric nitrogen through
the reaction chamber walls. The modi®ed Ti alloy sur-
faces were characterized in terms of phase composition,
N di�usion and microhardness. Nitriding at 850±1000�C
yielded two-layer coatings consisting of a TiN surface
layer on top of a Ti2N layer with a pronounced (002)
preferred orientation. The coatings grown at 1100�C
contained only one TiN layer. The growth of the nitride
layers was controlled by di�usion, the activation energy
of coating growth being 166 and 117 KJ/mol for CP Ti
and Ti±6Al±4V, respectively (at 850±1000�C).
Beneath the compound layer, large amounts of dis-

solved nitrogen were detected, gradually decreasing away
from the surface. The steeper N concentration pro®les
and shorter di�usion depths measured in Ti±6Al±4V
(compared to CP Ti) may have an undesirable e�ect on
the compliance of the coating to the substrate, a point
to be further investigated. Microhardness pro®les
matching the N di�usion pro®les were measured in both
CP Ti and Ti±6Al±4V. The gradual hardness decrease in
CP Ti is especially attractive, since the hardened bulk
material provides an optimal support for the hard sur-
face layer. No Al or V was detected in the nitrided sur-

face of Ti±6Al±4V, which is quite important given the
toxic e�ects of both elements in the human body.
The microstructure of CP Ti and Ti±6Al±4V

remained practically una�ected by PIRAC treatment
below 900 and 950�C, respectively. Encouraging fretting
wear characteristics were obtained for PIRAC-coated
pin-¯at Ti±6Al±4V pairs with a lower friction coe�cient
and signi®cantly smaller fretted areas compared to the
uncoated alloy.
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