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ABSTRACT

Nan ocrysta llinc TiN films were prepared by DC re ac tive magne t ro n sp uttering . T he infl uence of substra te
b ia ses on struc t u re, mechanical a nd corrosion properties of t h e deposi ted films w as s t udied us ing X-ray

diffraction, fiel d emission scanning elect ron mic roscopy, nanoinden t at ion and elec trochemical tec hniques .
The depos ited films have a colum nar s t ruct ure , and t heir prefer ent ia l or ien tat ion st ro ng ly de pend s on bias
voltage. The prefere ntial orienta tions change from (200) plane a t low bias to ( 111) plane a t moderate bias

and t he n to (220) plan e at rel a t ively high bias. Nanohar dn cs s H , elas t ic mod ulus E, H I E ' and H 3 I E ' 2

ra t io s , and corrosion r es is tance of t he deposi ted films increase fi rs t a nd t hen decre ase wi t h t he incre ase in

bias volta ge . A ll t he best values appea r at bias of - 120 V , at t ribu ting to t he film with a fine, com pa ct
a nd les s d efect ive struct u re. T his d em o ns t rates t hat there is a close rela ti o n among microstruct ure, me­

chanical and corr osion proper t ies of t he T iN films, and t he film with t he best me cha nica l proper ty can also
provide the most effective co r rosion protection.

1. Introduction

T iN films are wid el y used as prot ect ion coati ngs
of cutt ing tools , m old s an d dies against abrasion,
corrosion and oxi dationlv ' ". They are generally pro­
du ced by physica l vapor dep ositi on ( PVD) , and the
re la tionship bet ween deposit in g processes, m icro­
s t r uc t ure and p roperties is invest igated [3-6J. The m e­

cha nical properti es and corrosion resistance of the
sputtered films are s trongly depend ent on their m i­
crostruct ure affected b y p rocessing parameters'L'?".
In genera l, TiN films are inert and s table in m ost
aggressive m edi a. H owever, PVD films m os t oft en
presen t grow th re lated def ects s uc h as pinhol es and
pores, th rough which the su bstrate materia ls are at ­
tacke d in corrosion m edial11-1 3J. T herefore, for in ­

du s t ri al applications, PVD fil m s wit h a fin e , homo­
g eneo us and co mpact s t r uc t ure are a lways desirable ,
es peciall y for pro moti ng co rrosion resistance.

A ltho ug h there has been m uch inform ation about
mi cr os t ru cture, m ech ani cal an d corrosion prop er ties
fo r PVD m etal nitride films[14-16J, it is not a lways

consistent du e to var ious processing parameters used.
T he films which have th e best mechanical prop erties are

.< Corresponding aut ho r. P ro f. , Ph. D.
E-m ail address :ccllhhe @126 .com (C .L . H e ).

mostly not with the best corrosion resist an celv " : be­
ca us e their co rrosion resistance is very sensi ti ve to
the po res or pin ho les [13.17J. M oreov er , previous re­

sea rc hes hav e shown that the m icro structure and
pro pe r ties of T iN - based mult ilay er films ( e. g. T iN /
T i[l1] , TiN/A IN [18J, TiN/CrN[19J , TiN/ZrN[ZOJ ,

T iN /WzN [2IJ, TiN/TiAIN [Z2J , et c. ) a re associa ted

wit h the T iN single layer. Therefo re , it is a lso im­
porta n t to prepare a m onol ithic T iN fi lm wi t h h igh
qu al it y in multilayer sys tems[6.ZI.23J. In this paper ,

nanocrystalline TiN thin film s we re prepared b y DC
reactive sputterin g at va riou s bias vo lt ages , and the
re lat ionshi p among bi as, st ructure , mechanical an d
co rrosio n performanc e of the result ing films was
st udi ed in det ail. The results show that PVD fi lm
produced a t a prop er bias voltage can exhibit both
high m echani cal and corrosio n perform ance du e to
its fine, dense and less defective structure , which is
ve ry us ef ul fo r the applicat ion of n itride-based film s
in ab rasive and co rrosion p ro tect ion fields.

2. Materials and Methods

2. 1. F ilm p re parat ion

Nanocrys tall ine T iN th in fil m s were prep a red on
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Vacuum

2. 2. Film charac teri z ati on

3. 1 . Micro st ru ctu re

t ro de an d a g raphite bar, respect ive ly. Befo re m eas­
urements, the TiN specimens were put into the elec­
trol yt e so lution unt il a stea dy op en circui t po te n tial
( OCP ) was recorded. Polar izat ion cur ves were measured
w ith a po ten tial scanni ng rate of 0. 332 m V /s , and
el ec trochemical impeda nc e sp ectroscopy (EIS) was
recorded a t O CP in frequenc y range between 105 Hz
and 1 mHz by stim ulating the speci m ens wi th an
AC signal of 10 m V . The s peci m ens w ere covered
w ith elect r ica l ins ula ti ng paraffin excep t the s urface
for electroche m ical m eas uremen ts.

Fi g. 2 pres en ts the s urface m orphologies of the
T iN films pro duc ed under diff erent negative biases .
I t can be seen that t he s urface mi cros tructu res
strongly depend on the bi ases, and both the surface
ro ug h ness and co mpactness are im prov ed w hen the
negative bias in cr eases fro m - 50 to - 120 V . H ow ­
eve r , too hi gh negative bias ( -1 55 V) may degrad e
the co mpactness and ro ug hness as shown in F ig. 2
( d ) where so me voi ds ap pear , aris ing from the ion
bombardment effect on th e surface mobility of ada toms.
Some crys ta llites grow in th e form of tr igonal pyramids
as well as relat ively flat particles on the - 50 V biased
film s urface (Fig. 2 (a ) ), lead ing to a very rou gh
surface w it h pinhol es. Thi s is in agreement w ith
Ref. [5 ]. Obviou sl y decreased m icros tructu ral de­
fect s and im proved roughness wit h in creasing neg a­
t ive bias vo ltages wi ll im prove film p rop erti es, es ­
peciall y corrosion resistance!13J.

Fig. 3 shows the cross-sect ion st ructures of the
TiN th in films prod uced at different bi ases . The
T iN thin fi lms hav e a co lu m nar s t r uc t ure. T he aver ­
age diameter of the co lumns decreases and the co m­
pactness is improved w hen the bias voltage inc rea ­
ses . The colum n dia m eter appea rs to be fin er a t the
film/s ubs tra te in te rface and en la rges s low ly w ith
in creasing the di s tance from the in terface. Sim ila r­
ly, the com pactness is high er nea r the inte rface
( Fi g. 3 ) .

F ig. 3 a lso shows the film thickness changes w it h
bi as vo ltage , wh ich is close ly re lated to the s putte­
ring process ' : ". Under lower bias voltage , the ion cur­
ren t densi ty in creases with increase in bi as vo lt age ;
therefore, the film thi ckness increases fro m O. 77 p.m a t
- 50 V to it s m a ximum va lue of a bo ut 1. 01 p.m a t
- 85 V. Further increasing bias voltage can enhance re-
sp utt ering effect which can hinder the film growth[7.8J ,

ca usi ng a lmos t no cha nge in the film thickness w ith
bias vo ltage bet ween - 85 V and - 120 V. When the
bias voltag e further in cr eases, the re-sputterin g
effe ct becomes remarkable and fin ally lead s to obvi ­
ous ly decreased film thickness (0 . 88 p.m at - 155 V) .

3. Results and Discussion

Heating
Substrate
Film

Target

Magnetron
Penning
gauge

~::::======:::~~===I::::::;=waterN2 I ~

AT L ;:get
.r:: power
= supply

Fi~. I. Schematic diagram of expe r ime ntal apparatus.

Thermocouple

both Si ( 100) and 304 stainless steel su bstrates us ing
DC react ive magnetron sp ut t ering. T he appara t us
sc he matic diagram is pres ente d in F ig. 1. The dis­
tance of the Ti (99 . 99 % ) target to the s u bs t ra t e
w as a bo ut 8 cm . The s u bs t ra t e w as s ucc essively
cleaned for 20 m in in ac eto ne , 10 m in in et hanol and
5 m in in deionized water by ultrasonic wav e. The
base and w orkin g pressures of the deposit ion cha m ­
ber w ere 6. OX 10 - t P a and O. 5 P a , respectively. A r
(99. 999 % ) and N z ( 99. 999 % ) gases w ere used
with fixed fl ow ra tes of 30 mL/min and 4 mL/ mi n,
respect ive ly . Ti thin interl ayer was fir s t dep osited
on the substrate in Ar gas at mosphere for 10 m in to
pro mot e adhesion , and then the TiN layer was de­
posi ted a top in a m ixture at mosphere of A r and N z
gases fo r 2 h. T he bias vo ltage applied on the s ub­
s t ra te changed betw een - 50 and - 155 V . Durin g
dep osi tio n , the s u bstrate was kep t at 300 °C.

The film microstru cture was exa mined by field emis­
sion scanning electron microscopy (FESE M S4800) .
The phase com posit io n was characterized b y X-ray
diffraction (XRD , PA Nalytical B. V. X Pert Pro MPD)
with CuKa rad ia tio n ( wavel en g th of O. 15406 nrn )
operated at 40 k V and 40 m A, The grazing in cid en t
angle was 2° , the scanning angular ( 28) scope was
30 °-90° and the scanning ra te was 2C)/min. Nano ­
hardness and elas tic m odulus w ere m easured by
MTS XP nanoindenter sys tem equippe d w ith a
Berkovich diamond inden ter under 2 mN peak load,
and m ean va lues w ere obtaine d based on 5 indenta­
tions. The rat io of indentation dep th /fil m th ickness
w as no m ore than O. 1 in order to avoid the s u bs t ra t e
eff ect .

Co rrosio n resi stance was eva lua te d a t 25 °C in
3. 5% NaCI aqueo us so lutio n usin g P ARST AT 22 73
adva nc ed elect roche m ica l sys tem. The referen ce and
auxi lia ry elect ro des were a saturated ca lo mel el ec-
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( a) - 50 V ; ( b) - 85 V; ( e) - 120 V; ( d) - 155 V.

Fig. 2. FESEM s ur face morphologies of Ti N films prod uced at varying biases on Si (1 00) subs tra te.

( a) - 50 V ; ( b) - 85 V; ( e) - 120 V; ( d) - 155 V.

Fig. 3. FESEM cross-sec tion morphologies of different biased T iN films on Si (1 00) subs tra te.

1225

F ig. 4 presen ts the XRD patterns of the diff er ent
biased film s. The peaks aro und 43. 6°, 44. 3° , and 50. r

correspond to th e stainless steel substra te , and th e other
peak s can be ascri bed to (111), (200 ) , (220 ), ( 311 )
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Fig. 4. XRD patterns of TiN films os , negative bias voltages.

and ( 222) pl anes of B1-NaCl TiN st ructure. No
peaks of Ti and Ti, N are found. All these diffracti on
peaks are rel at ivel y broad, and the prefe ren tial o ri ­
en tations depend on the negative bias voltages.

F or better co mpari ng the in fl uenc e of negat ive bi­
as es on crysta l preferen tial o r ien ta tion , t exture coef­
ficient T is introduced l" : :

[(hkl) / JO(hkl)
T (hkL) = (1 /n) L, [(hkL) / [ 0 (hkL) (1 )

where, [(h kl ) and JO (hkl ) stand for the diffracti on
in ten si ty of the TiN film and theoret ica l in ten si ty of
the (hkl) pl an e, resp ectivel y; an d n is the diff rac­
tion peak n umber. T abl e 1 presents the texture coef­
ficien t s as a funct ion of bi as vol tages obtained based
on Eq. (1) . In theory, the ( 200) pl anes of transition
m etal nit r id e wi th Bl -typed NaCl s t r uc t ure have the
lowest s urface ene rgy[25] , lead in g to an obvio us pref­

eren t ial orien tation in t h is pl ane. Incr easin g negative
bias voltage co rresponds to a h igh ene rg y of m ov in g
species , wh ich can cause a strong orientat ion in the
(111 ) pl an e, as the film s biased at - 85 and -120 V.
As the negative bias inc reases to - 155 V, the pref ­
eren t ial orie n tat io n is cha nged in to (220 ) pl ane. The
change of p referen ti al ori en ta tion can be att r ibuted
to two as pec ts as foll ows.

F ir stly, during the PVD film grow th , the texture
evolut ion is associa t ed with the co mpeti t ion between
the surface and deformation energies. If the for m er
domin ates in the whol e ene rgy , the film grows alo ng
the (200 ) or ienta tio n. When the latter domin at es,
the (111) or ien ta tio n is predominant' J'" . Whereas, for

16080 120
Negative bias voltage/V

11

40

15

17 .--------------------,

the - 155 V biased film wit h ( 220) prefe re nt ia l ori­
en ta tio n , it is beli ev ed that the energy E hi fro m
bombardin g ions exceeds the threshold value re­
quired to pro d uc e a film with a preferen tial o r ien ta ­
tion of (220 ) pla ne. Maybe this is due to a si mi la r
eff ect w ith an increase of energy E hi a rising fr om in ­
creasing N z pa r tial pressure as observed by M usi l[Z7].

Secondly, the ions , whose ene rg y is propor tiona l
to bias voltage, w ill sp ut te r the growing film w he n
they imping e on it. Because their energies are rel a­
tivel y low , the ions m ay preferen tially sp utter the
outer a to ms of the film. In this case, the g rai ns wi t h
the den sest pla ne pa ra llel to the film s urface m ay be
preferen tiall y sputtered. Since the (1 11) plane is the
den sest pl ane ( 3. 32 a torns Za"} , the grai ns on it wi ll
be preferen t ia lly sput tered. On the co n t ra r y , the
grains w ill be sputtered a t a reduced rat e if the
pl an e, pa rall el to the film surface , is less den se
( e. g. ( 220): 2. 12 at oms Za" , or ( 200) : 2.0 at oms/
a2

) and permi t the ions to enter in to the crystal la t­
t ice . Co nsequen tly , the ( 111) textu re sharply de­
creases wh ile the ( 220) texture m arkedly in cr eases
as the bias voltage surpasses - 85 V.

The negat ive bias vo ltages a lso st ro ngly affec t the
grain siz e of TiN t hi n film. F ig. 5 shows the m ean
gra in s ize of the TiN film co mpute d accordi ng to the
Sc herrer's for m ula rela tive to the (111) pl ane. The
gain sizes a re in the range from 10 to 16 nm. The
grain size drops quickl y as the bias increases from - 50
to - 85 V, and it almost does not ch ange w ith further
promoting the bias. A t higher biases, the g rai n r e­
fin ement can be co nt ri but ed to the pen etrat ion of
impin ging ions in to the TiN la t ti ce an d the increased
generation of defects for preferred n ucleation pl a ces l'" ,

90

-85 V

-120V

-1 55 V

80

(222) - 50 V

70

(220)

60
29/(° )

50

Substrate

J Substrate

(200)

40

(lll)

30

Table 1
Changes of preferent ial orientat ion coe fficient with negative
bias vo ltages

Fig . 5. G rai n sizes for T iN films trs , bias vo ltages.

3.2. M echan ical pro p erties

Bias/V T(lll) T(2 00) T(22 0) T(311)

- 50 O. 30 2. 00 1. 02 O. 67

- 85 2. 34 O. 64 O. 69 O. 33

-120 1. 72 O. 24 1. 32 O. 72

- 155 O. 99 O. 13 1. 91 O. 97

F ig. 6 p resen ts the va ria ti on s of nanohardness
(H) and elastic mod ulus ( E) of the TiN films with
bi as voltages. When the bias in creases, H linearl y
in creases fi r s t and the n s ligh tly decreases. Both the
highes t I-I va lue of ( 28. 2± 1. 6) C Pa and the highes t
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Fig. 8. Potcntiodyna m ic pola riza tion curves of T iN films v s .

negative biases.

lJ.4

~

o

thin film s produced under different bias es in 3. 5%
N aC I aqueo us so lution are shown in F ig. 8 and t he
rel at ed paramet ers a re lis ted in T able 2. As seen
from T able 2 , the cor ro sio n current den sity ( [ CO" )

values a re O. 038 , 0.025 , 0.0129 and 0.0355 p.A '
c rri " for - 50 , - 85 , - 120 and - 155 V biased TiN
films, res pectivel y. Same trends a re found for the
co r rosion potential s E CO" , the corrosi on rate R em , and
pol arization resistance R p ' Thes e results indicate
that the dep osited film s proces s an excelle n t corro ­
sion resi st ance , which increases with inc rea s ing bi as
volt age up to - 120 V, then decreases when the nega­
tiv e bias es fur ther increase. The bes t corrosion re ­
sistance is provided by the - 120 V bias ed film , re­
sulting from its fine , dense , and un iform micro ­
structure[l:l ·:l1 ]. Generally , fi lm structural def ect s

e. g. pinho les can provide a direct path for the corro ­
s ion m edi a to re ach the film / s ubs t ra te in terf ace,
leading to the formation of co r ro sio n microcell be­
tween the film and substrate ' V". Additionally , the
po or co rrosio n resistanc e for r ea ct ive sputt ered TiN
films prep ared at lower bias voltag es m ay be associ­
a te d wi th a non -uniform di stribution of ?\l + ions in
the fi lm surface, which lead s to an in cr eas ed defects
in the film[33) . At m od erat e high bias voltages, fin e,

den se and st oichiometric composition films are formed ,
which can exh ibit better co rrosio n resi stance. Fi g. 8
a lso clearl y shows that a ll the T iN film s exh ib it a
se lf- passiva t ion beh avi or due to the format ion of
Ti02 [13.31.31] whi ch probably resul ts from the oxida ­

ti on of T i?\l and Ti int erlayer at structural defects[13).

Fig. 9 shows E IS plo ts of the T iN films exposed in
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0.100 '''-l
5::

40
300- ol

~
0-

30 o
Cl

250 ~Cil ,
rtl '3<Ii
.§ '0

0

~ E:
.c 20 . rtl
0 200 10/)
§ s
Z

~

10 150
40 80 120 160

Nega tive bias vo ltageIV

0.20

0.05

es 0.15
0-
~

'?:t:1~ 0.10

0.25 .--- - ------------, 0.150

E value of (290. o± 10. 3) G Pa occur at - 120 V bi­
as vo ltage , at tri but ing to its finer and denser struc ­
ture[2R]. W hen the bias increases up to - 155 V , the
re-s p u t te r ing eff ect in creases , resu lting in increasing
defects in the film and thus the nanohardness begi ns

to de crease.
H / E ' and H 3/ E '2 ratios can be us ed to ch arac ­

terize ela s t ic strain to failure resi stance and plasti c
deformat ion res istance of the film, which can be
use d to predict the abilit ies to resi st m echanical deg­
rad ation and failure of nanocrystall in e film s[19. 29] .

H ere E ' = E / (l -v2
) represents the film effe ct ive

elas t ic m odulus, and v represents the film P oisson's
rat io. F ig. 7 indica tes the varia tions o f H / E ' and
H 3/E ' 2 wi th negative bias voltages . The evolut ion
trends for both H / E ' and H 3/ E ' 2 wit h bias es are
simi lar to I-I. The - 120 V bias ed film p res ents t he
great est I-I / E ' and H 3/E ' 2 , indicating th at such film
possesses hi gher m echanic a l degrad ation and fail ure
resistance. This can be attri buted to the refinement
of co lumnar st ruct ure and compressive stress[27. 30].

Too h igh bias vo ltage, however, can int roduce de­
fects (Figs. 2(d) and 3 (d ) ) , resulting in decreasi ng
the H / E ' and [_[3 / E ' 2 valu es to some ex te n t .

Fig. 6. H ardness and moduli of TiN film s us , negati ve bias

volt ag es.

Table 2

Relat ive elect roche m ical par ameter s obta ine d fro m Fi g. 8

Biasi l corr / E corr/ E pil / Rp / R ro rr /

V ( /lA' em - 2 ) V V ( NUl'em2 ) (mm v u" ! )

80 120
Negative bias vo ltageIV

l-l I E ' and H ?I E' 2 values vs. bias voltag es .

oL-- --'- --'- --' 0.050
~ 160

Fig. 7.

3. 3 . Corrosion resista nce

Poten t iodynam ic po la r izat ion curve s for the Ti N

-50 :l. 80 X IO- 2 - 0. 228 0. 843 O. 9:11 2 6. 58 X IO 10
- 85 2. 50 X 10 - 2 - 0. 142 0.39 1 l. 948 l. 6:l X 10 - 10

- 120 l. 29 X IO- 2 - 0. 128 0. 60 1 2.774 l. 44 X IO- 10
- 155 :l. 55 XIO - 2 - 0. 194 O.77 :l 0.9474 5. 05 X IO- 10
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Fig. 9. EIS plots of T iN film s change wit h negative bias voltages.

3. 5 % NaCl solut io n. The absolute va lues of the im­

ped ance in cr ease wi th in cr easin g bi as vo ltages , re­
s u lting fr om the les s def ected films[9] . It ca n be seen

that the spect ra for the films s ho w distinctiv e ca paci­
t ance loo ps a t a wide range of fr equency, ill us t ra ti ng
a lmos t undamaged s urface during the t est period .
The EIS for the TiN film s is si m ula ted w ell w ith a n
eq uiva le n t cir cuit s ho w n in Fig. 10, where R , repre­
sents the solution resistance ; C , and R po" represen t
the capacitance an d the pore resistance of the Ti N
films , resp ecti vel y; C d1 an d R et sta nd fo r the capaci­
t ance of do uble la yer an d cha rge tra nsfe r resistance

of the s ubst rate a t the film / subs t ra t e interface at
po res, respe ctive ly . H ere, co n s ta n t phase elements ,

Q r a nd Q rll, are used to replace C , an d C d1 in order to
ob tain a b etter dada fi tting.

Q,

Fig. 10. Equivalent circuit for fitt ing EIS of T iN films .

T able 3 s hows EIS sim ulation pa rame te rs for the

TiN fi lms a nd the uncoated s ubst ra te in N aCl so lu­
ti on. As seen from T ab le 3 , the capaci tanc e el e m en t
o f the films , Q r - Yo, is s t ro ng ly dependent on the
bi as volt ages, an d s ha rp ly decr eases w ith increasing
bias up to - 120 V an d then s ligh tl y increases agai n ,
in dica ti ng that a h om og eneous s u rface is gain ed a t
- 120 V bias voltage in the present s t ud y. The ca ­
paci tance C of a pa rall el-plate ca pacit or wit h a di e­

lectr ic be t w een it s pl a t es is C =ee oA /d, w here 12 is
t he diel ectric co nstan t , eo is t he permi tti vit y of em p­
ty space , A is the p la te a re a , an d d is t he di s tance
b et w een the pa rall el pl a t es. For the Ti N film s, fil m
t h ickness increases w it h in creasing bi as vol tages up
to - 120 V a nd then slig h tly decreases , w h ich
should resu l t in a correspond ing decrease in ca paci­
tance. H owever , t he ch ange of d va lue is not g reat ,
so a sha r p decr ease in Q r-Yo"""' C (Table 3 ) further
reflect s that A ( surface area of film) decr eas es very
qui ckly wit h increasing nega tive bias volt ages with in
- 120 V , in dicating tha t m uc h m ore h omogen eo u s

a n d les s d ef ect iv e s u rfaces a re b ein g gain ed a s th e
bi as voltag e in cr eases. Unlik e Q r-Yo, ll r va lue e x­
hibit s a n inverse change with negat iv e bias vo lt age,
the big ges t 11r p resen t a t - 120 V rep resen ts a reduced

Tab le 3
EIS data simulations for T iN film s

Bias/ V R ,/(O· em' ) Q r-Ya/ ( F· em -' ) "r R p",, / ( O · em' ) Q,Il -Ya/ ( F · em - ') 11ell R ,, / ( O· em')

- 50 22. 07 1. 903 X 10- 4 O. 887 5 2. 121 X 105 6.606 X 10- 5 1 1.783 X 105

- 85 11. 23 6.978 X 10- 5 0.905 5 3.897 X 105 1. 77 2 X 10- 5 1 2. 657 X 106

- 120 25.95 5.53 2 X 10- 5 0.93 1 5 1. 808 X 105 1. 172 X 10- 5 0.975 2. 961 X 10'

- 155 6.633 5.702 X 10- 5 O. 9201 1. 521 X 105 1. 311 X 10- 5 1 2.619 X 10'

dispe rsion. The hi ghes t va lue in R por e for the film
produced at - 120 V bi as vo lt age in dicates that this
film has t he b es t cor rosion resi s ta nce and few es t de­

fect s.
T ab le 3 a lso shows t hat t h e do ub le layer ca paci­

t ance , Q dl - Yo , gradually decreases a nd R et m cr ea-

ses with in creasing the bias vo lt ages w ith in - 120
V , indica ting a re d uce d co r rosio n rate[9] . Thi s is be­

ca use the a rea of t h roug h film pinhol es decr eases

w it h the increase in bi as vo lt ages. Therefo re, the
E IS da ta in T abl e 3 clearl y re flect the struct ural

ch aracteris t ics of the T iN t h in film s very well.
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Fi g. 11 p resen ts the typ ica l corrosion morpholo­
gi es of the - 120 V biased T iN film af ter pol ariza ­
t ion test. Act ua lly , for all the different biased T iN
films, t he corrosion m orphol ogies hav e sim ila r fea ­
tures . The on ly differen ce is that the number of large
pit s is m ore for the higher biased films. There ap ­
pea r few but big pit s on the co rroded s urf ace
( Fig. 11 ( a», rel at ed to big st r uc t ural def ect s or
w eakness s pots co n tain ing lots of throu gh film pin ­
hol es in the film, through w hic h the pit s easily ap­
pear becau se gal vani c cor rosion ta kes pl ace a t the in ­
te rface of the film / s ub st ra te[17]. Consequ en tly , cor-

rosion produ cts ca n be formed and ac cu mu lated , and
a local s t ress app ears and cont inuousl y inc reases a t
the in terface until a pi ece of T iN film peel s off as
seen in F ig. 11 (b). During the test s, the film peel in g
is a lso visible to the na ked eye . Si mi la r peel ing phe­
nomen a w er e o bs erved on corroded PVD TiN[33.35] ,
TiAlN[II] , T iN / NbN [35] and T iAI N / CrN [II] films.

A t the plac es away fr om the peeling s po ts , the fi lm
is almos t in tact (Fig. 11 ( b» . T he a bove results
show that it is very useful for im provem en t in corro ­
sion resistance to decr ease la rge structural def ects or
th rough film pinhol es in the sputtered TiN film s.

Fig. Ll , Corrosion mor phology of - 120 V biased film aft er polarizat ion test (a) and local magn ification image show ing film de-
tac hment ( b) .

4. Conclusions

( 1 ) When negative bias vo ltages inc rea se, the
grain of the nanocrysta ll ine TiN film s becom es fin e,
the fil m th ickens, and the compa ct ness and rough ­
ness a re imp roved. H owev er, too hi gh ne gat ive bias
voltage can ca us e a s t ro ng resputterin g, r esulting in
a rou gh s urface , low co m pact nes s and reduced
th ickness . The fin es t and den ses t st r uct ure appears
a t - 120 V biased fi lm .

( 2 ) The nanocr ystalline T iN film s have a colum ­
nar st r uct ure. The pref erent ial ori en tat io n st rongly
dep ends on bias vo ltage and cha nges from ( 200)
pl an e a t low bias to (1 11) pl ane a t m od era te bias ,
and the n to ( 220) plane a t h igh bias vo ltage.

( 3 ) T he hardness , modulus, H /E ' and H 3 /E ' 2
val ues of the nanocrys talline T iN th in film s fi rs t in­
cre ase and then decrease when the bias in creases.
T he maximum values all ap pear at - 120 V biased film.

(4) The corrosion resistance of the nanocrys ta l­
line T iN films fi rs t inc reases and then decr eases with
in crease in the neg at ive biases. The bes t pro tecti on
eff iciency is provided at the - 120 V biased film re­
s ulting from its finer , denser and m ore homogenous
struc t ure. F ew bu t la rge pits emerge on the corro­
sive su rf ace , p rob ably relat ed to large structure de ­
fec ts or w ea k ness s po ts con taini ng lots of through
film pores and pi n ho les .

Acknowledgment

This work was su pported b y the Nat ional Natural
Science Foundation of Chin a ( 51171118).

References

[ 1J A. Bah ri , E. Kacar , S. S. Akkaya , K. Elleuch , M. 0 rgcn ,
Surf. Coat. Tcchnol. 301 (2 016) 560-5 66.

[ 2J W. Xiang , C. Zhao, K. Liu , G. Zhang , K. Zhao , J . Alloy.
Compd. 658 (2 01 6) 862-866 .

[3 J N. J iang , H. J. Zhang , S. N. Bao , Y.G. Shcn , Z. F. Zho u ,
Physica 13 352 (2 001) 118-12 6.

[1J P. Chen, X. Xiang , T . M. Shao, Y. Q. La , J . L. Li , App l.
Surf. Sc i. 389 ( 201 6) 36 1-368 .

[ 5J I3. Pccz , N. F rangis , S. Logoth et idis , 1. Alcxa ndrou , P. I3.
Barna, J . Stocmcnos , Thin Solid Fil ms 268 (199 5 ) 57-63.

[6 J H . Liang , J . Xu, D. Zhou , X. Sun , S. Ch u , Y. Bai , Ccram.
Int. 12 A ( 2016) 2612-26 17 .

[7J D. M. Devia , E. Restrepo-Parra , P. J . Arango, A. P. T schipt­
schin , J . M. Vele z , Appl. Surf. Sci. 257 ( 20 11) 6181-6 185.

[8 J X. Chen, Y. Xi, 1. Mcng , X. Pang , H. Yang , 1. Alloy. Compd.
665 (2 016) 210-2 17.

[9J N. D. Na rn , J . G. Kim, W. S. Hwang, T hin Solid Films 517
(2 009) 177 2-1776 .

[ 10 J C. Yu, L. T ian , Y. Wei, S. Wang, T . Li , B. Xu , A ppl. Surf.
Sci. 255 (2 009) 10 33-1038.

[l1 J V. K. Willi am Grip s , H. C. Barsh ilia , V. Ezhil Sclvi , Kalava­
ti , K. S. Rajam , Thin So lid Films 511 (2 006) 201-211.

[1 2J D. Zhang , L. Duan , L. Gu o, W. H . T uan , Int. J . H ydrogen
Energy 35 ( 20 10 ) 372 1-3726.

[ 13 J C. Liu , Q. Bi, A. Matthews, Corros. Sci. 13 (200 1 ) 1953­
1961.

[ 11 J M. Flores , S. Muhl, L. H uerta , E. Andrade, Surf. Coat. Techn­
01. 200 ( 2005) 1315-1 319.



1230 C. 1-. H e et al . I]oumal of In m and Steel Research , l nternat ional Zd (2017) 122 3 -1230

[ 15J c. H. Hsu , C. Y. Lee , Z. I-I. Lin , W. Y. H o , C. K. Lin , T hin
Solid Fil ms 519 (2 011) 19 28-1932.

[ 16J J. W. Lee , S. T. Chang, H. W. Chen, C. H. Chien, J. G. Duh,
C. 1. Wang, Surf. Coat. Techno!' 205 (2 010) 1331-1338.

[17 J c. I.. H e, J. I.. Zhang , J. M. Wang , G. F. Ma, D. I.. Zhao,
Q. K. Cai , Appl. Surf. Sci. 276 (2 013) 667-67 1.

[ 18J D. Q. Yin, Y. Yang, X. H. Pcng , Y. Qin , Z. C. Wang, Ph ysi­
ca E 63 (2 011) 125-130.

[19 J Y.X. Ou, J. Lin , H. L. Che, W.D. Sprou l, J. J. Moore , M. K.
Lei , Surf. Coat. Tec hno!' 276 (20 15) 152-159.

[2 0J M. Nadd al , B. Abdall ah , M. Ah mad , M. A-Kh ar roub, Nucl.
Inst r, Mcth, Ph ys, Res. B 38 1 (2 016) 90-95 .

[2 1J c. L. Chang, T . H. Chio u, P. H. Che n, W. C. Che n, C. T.
Ho, W. Y. W u , Surf. Coat. T echno!' 303A (2 016) 25-31.

[22J E. Alat, A. T. Mott a, R. J. Comstock , J. M. Partczana , D. E.
Wolfe , J. Nu cl. Mater. 178 (2 016) 236-211.

[ 23J ]. J. Yang, F. F. Zhang, Q. Wan, C. Y. Lu , M. J. Pcng , ]. I..
Liao , Y. Y. Yang, I.. M. Wang , N. Liu, Appl, Surf. Sci. 389
(2 016) 255-259.

[2 1J D. 01. Lee, J. Mater . Sci. 21 (19 89) 1375-1378.
[2 5J P. Patsalas , C. Charitidis, S. Logoth etidis , Surf. Coat. Tech­

no!' 125 (2 000) 335-310.

[26 J S. Q. Rong , J. H e , H. J. Wang, C.X. T ian, L. P. Guo, D. J.
Fu , Plasm a Sci. T echno!' 11 (2 009) 38-11.

[2 7] 1. Musil, in : Albano Cavalciro , Jeff T h. M. De Hosson ( Eds.),
Na nost r uct ured Coati ngs, Spri nger Science &. Business Media ,

New Yor k , 2006 , pp. 107-163.
[28 J A. M. Pagon, J. G. Partridge , P. Hu bbard, M. B. Taylor , D. G.

McCulloch , E. D. Doyle , K. Lath am , J. E. Bradhy , K. B.
Borisenk o , G. Li , Surf. Coat. Techno!' 201 (2 010) 3552-3558.

[29J J. Musil, F. Kunc , H. Zeman, H. Polakova, Surf. Coat. Techno!'
151 (2002) 301-3 13.

[ 30 J S. Zha ng, D. Sun, Y. Q. F u, H. J. Du , Surf. Coat. Techno !'
198 (2 005) 2-8.

[3 1J L. Cunha, M. Andr itschk y , L. Rebou ta , R. Silva, T hin Solid
Films 317 (1 998) 351-355.

[32 J S. H. Ahn , J. H. Lee , J. G. Kim, J. G. Han, Surf. Coat. Techno!'
177-178 (2 001) 638-611.

[ 33J c. V. Franco, L. C. Fontana, D. Bcchl , A. E. Martinelli, 1. L. R.
Muzart , Corros. Sci. 10 (19 98) 103-112 .

[3 1J S. R udenja, J. Pa n , I. O. Wallinder, C. Leygr af, P. Kulu, J.
El cct rochcrn, Soc. / 16 (19 99) 1082-108 6.

[3 5J H. C. Bar sh ilia , M. S. Prakash , A. Poojari , K. S. Rajarn , T hin
Solid Films 160 (2 001) 133-112 .




