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 this work, the process parameters involved in the electrophoretic deposition (EPD) to obtain thin TiN films was studied and optimised. The 
ommercial TiN nanopowder in isopropyl alcohol adding a cationic polymer (polyethylenimine) as dispersant, with different molecular 

s investigated to determine the kinetics of the deposition and to reach the most efficient EPD process. Cathodic EPD was performed over 
hed stainless steel substrates. It was found that the provided dispersion when the PEI with the highest molecular weight was added to the 
leads to the best deposition behaviour for short times. New flocculation phenomena were described which affect to the sticking factor, and 
evolution of the EPD kinetics. As a result of the designed stabilization system, a reliable and versatile EPD method to produce well 
 nano-TiN coatings at 1200 ◦C in vacuum atmosphere was described.
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eptional hardness of non-oxide materials is a reflec-
trong bonding forces between the components of their 
ce. This is the reason why this material group has high 
peratures, small thermal expansion coeffi-cients and 
 moduli. Metal carbides and nitrides present good 
gainst corrosion, and very high cohesive strength and 
ssociated with their extremely high melting points. 
erties associated with their chemical characteristics 
 an alternative to noble metals in catalysis [1,2], and to 
es under harsh conditions [3,4]. Among non-oxide 
tanium carbides (TiC) and titanium nitrides (TiN) have 
lly considered a promise hard material with excellent 
such as high thermal and electrical conductivity and 
resistance, so it has been regularly deposited on bulk 

aterials to improve the surface features. Although TiN 
 at 800 ◦C in air, it is chemically stable at room temper-

over, TiN has excellent infrared reflectivity properties, 
 a spectrum similar to elemental gold, which gives it a 

olor. Due to these properties, TiN has been used for a 
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tings are the most relevant applications of those mate-

proving hardness and wear resistance even in surgical 
plants [6].

s of the transition metal nitrides are commonly pre-

itridation, chemical (CVD) or physical vapor deposition 
ical methods are applied in cases where the substrates 

able with the temperature, such as in the cemented tool 
d for tribological parts such as bearings, valves and noz-

 other hand, physical methods allow the deposition of 
t lower temperatures than CVD, which is an advantage 
oated substrate is susceptible. For example, the depo-

ear resistant coatings onto high speed cutting tools is 
to CVD because of the low austenitising temperature 
) of steel. TiN coatings have been processed by CVD and 

 methods such as cathodic arc evaporation [8], elec-tron 
sition [9], plasma [10], etc. Up to our knowledge the TiN 
red by those techniques hardly reach 3–5 � m i n 

3], exhibiting large crystallites sizes, for example 100 
lms prepared by low voltage-high current PVD, 60 nm 
a enhanced magnetron PVD, 200 nm from cathodic arc 
0 nm from high temperature CVD [7]. In this sense, a 

 techniques, i.e., electrodeposition or sol–gel, have been 
ered with the objective to design a new method of 
nd deposition of TiN nanoparticles at low temperature 
horetic deposition (EPD) is a colloidal processing

ich consists in the electrically driven movement and

of charged particles onto a conducting substrate. Under-
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e colloidal behavior of nanoparticles is therefore a key 
er to prepare stable and disperse suspensions suit-able 
4]. This technique has received increasing attention 
 simplicity, low cost, versatility, possibility of using 
hapes and capability of scaling-up. EPD comprises two 
arged colloidal suspended particles migrate towards an 
nder an applied electric field and (ii) particles deposit 

positely charged substrate forming a dense layer. The 
 to produce dense ceramic coatings, reproducing the 
ape, which thickness mainly depends on the size of the 

deposit, but also stability and dispersing conditions of 
sion. The most general equation [15] formulated up 

culate the deposition rate is:

 − e−t/� ) (1)

), is the deposition mass, m0 (g), is the initial amount of 
uspension and � (s) is the characteristic time, calculated 

(2)

3), is the volume of suspension, S (cm2), is the conduct-

(V cm−1), is the applied electric field, �e, (m2 V−1 s−1),

ophoretic mobility of the nanoparticles, and f (0 < f < 1),

ing factor. The sticking factor represents the percent-

siting particles among the arriving particles to the work

y electrophoresis.
y models proposed for EPD kinetics have been for-

nsidering the electrophoresis process. However, the 
e parameters that could affect to the kinetics, such as 

ion feature or the coating morphology, has not been 
 considered. These effects have been only quantified 
 the sticking factor, f (Eq. (2)). Some of these effects 
described in the literature during the last decade, 
henomena that take place at: (1) the surface of the 
2) the suspension itself, (3) the interface substrate-

 and (4) the film growing.

e know that physical phenomena have a relevant role 
st of the time, the geometric surface of the working 
r substrate is considered, neglecting the surface of con-

he cumulative charge effect in edges and peaks. So, the 
ics of the substrate surface, such as its nature [16], 
surface charge [17] or its electrical response [18,19], 
ot only the morphology of the films and even the suc-

ssembly process, but also the process kinetics.

spension, phenomena associated to the electrophore-

 the solvent warming or the solvent electroosmosis, 
hanges in both suspension and electric conditions 
rocess is running. Current passing through the system 
e suspension temperature, raising dielectric constants 

ng viscosities of the solvent, thus promoting a faster 
rate. Contrarily, the whole suspension (solvent and 
cies) acts as a semiconductor and consequently the sus-

ductivity increases with the temperature leading to a 
 deposition.

urce of divergences between experimental and theo-

lts is the particle aging and re-agglomeration, also as a 
e of the suspension warming or the disregarded par-

ization [20]. In this sense, during the last five years, 
ntion is paid in the effect on deposition of different 
s that can be used to stabilize the suspensions. The use 
r solvents [21], their acid/basic character [22–24] or the 
25–29] added to the suspensions have been studied as 
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ic of the liquid at the electrode surroundings
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 not only the array ordering of nano-platelets [30,31], 
 specific adsorption of the stabilizer agent on the par-

e could drive the packing of nanoplates [30]. However, 
echanism of flocculation, apart from increase of pH in 
 of the cathode surface as a consequence of the water 
32,33] has been proposed. The mechanisms which pro-

occulation of particles on the electrode surface are key 
 to determine the particles adhesion to the substrate as 

 cohesion of the deposit. These mechanisms determine 
tities assembly and the rate of the film growth, so they 

ict the EPD success.

ork, the standardization of the EPD of TiN nanopow-

low to compare the kinetics results on the base of the 
n of the nanoparticles with cationic dispersants, such as 
imine (PEI) with two different molecular weights, and 
a novel stabilization mechanism that explain the EPD 
 provides enough compatibility to obtain a successfully 

different substrates.

ls and methods

terization and stabilization of TiN nanopowders

ved commercial TiN nanopowder (Hefei Kaier Nanome-

& Technology, China) was characterized by helium

y (Multipycnometer, Quantachrome Co., USA) to deter-

nsity (�) and by Physisorption Analyzer (ASAP 2020,

ics, USA) to measure the specific surface area and micro-

ity. The particle size and morphology were examined

ission scanning electron microscopy (FE-SEM) using

roscope (Hitachi, Japan). Crystalline phases was charac-

-Ray Diffraction (XRD) (D8 Advance, Bruker, Germany),

radiation. The thermogravimetric and differential ther-

is (TG-DTA) were carried out in air, with a constant

e of 3 ◦C/min up to temperatures of 1000 ◦C, in TG-DTA

(PerkinElmer, USA). Dynamic sintering test was per-

2 atmosphere using a TiN slice obtained by pressing of

wder. A push-rod dilatometer (Netzsch, Germany) was

flowing atmosphere of N2 to avoid the oxidation of the

es. This test was recorded at temperatures up to 1400 ◦C
rate of 5 ◦C/min.

ensions (0.1g L−1) were prepared using isopropyl alco-

Panreac, Spain) as solvent and polyethilenimine (PEI,

ich, Germany) as stabilizer. For comparative proposes,

h molecular weights of 2000 and 25,000 g mol−1 (PEI-

EI-25,000, respectively) were added, while hydrazine

te (64–65%, Sigma–Aldrich, Germany) was used to

basicity of the solvent. The dispersion and stability of

sions was evaluated as a function of zeta potential. This

was determined by laser Doppler velocimetry using a

ano ZS (Malvern S, UK). Mechanical stirring and soni-

asonication Probe, UP 400S, Hielscher, Germany) were

ersing methods to break the soft agglomerates.

ocess

s were shaped from TiN highly stabilized suspensions

EPD on as-received stainless steel foils (AISI 316L and

30×20×0.5 mm and on titanium cylinders of 15 mm of

d 0.5 mm of highness fabricated by uniaxial pressing,

g using an industrial protocol. The counter electrode

um foil of similar dimensions than stainless steel sub-
arated from the work electrode by a distance of 2 cm

trophoretic cell. EPD was performed under galvanos-

ciostatic conditions using a high voltage power source
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Fig. 1. (a) FE-SEM micrograph of as-received TiN nanopowder. (b) Evolution of the zeta potential with addition of PEI-2,000 and PEI-25,000. (c) Scheme of multi-point and
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m SourceMeter, Keithley Instruments Inc., USA), apply-

<90 V, current densities <0.2 mA cm−2 and deposition

1 to 80 min. After EPD, green coatings were left to dry

nditions. Samples were thermally treated in vacuum

at 1200 ◦C for 1 h with heating and cooling rates of

terization of the coatings

ogeneity at nanoscale of the coatings produced by EPD

ined by atomic force microscopy (AFM) on a Cervantes

(Nanotec Electronica, S.L., Spain) operating in noncon-

ic mode with amplitude modulation. Silicon nitride tips

s lower than 7 nm were used. The tips have a resonance

ear to 330 kHz and a force constant in the range of 42

FM images were taken in air at room temperature. The

lectric scanner allows a maximum sample XY scan of
2. In order to obtain representative information from

rfaces, at least three separate areas of each film were

dynamic mode parameters were managed for a better

voiding lateral effects of tip–sample interactions.

uctural observations, thickness and roughness mea-

were made by FE-SEM, using a S-4700 microscope

pan) and by profilometer using a Surtronic 3+ instru-

r Hobson), respectively.

and discussions

steric stabilized nano-TiN suspensions

rates of ∼200 nm formed by nanoparticles of 26–32 
observed on the FE-SEM micrography of TiN pow-ders 
tabilization of TiN suspensions (0.1 g L−1) was reached 
with different molecular weight (2000 and 25,000 g 

ough the modification of the surface charge of the 
ta potential gives information of the adsorption of the 

nto the particle surface, its ionization state and 
about further interaction between particles. The plot in 
ws the evolution of the zeta potential of TiN sus-

ith the amount of PEI (wt.%). TiN particles dispersed in 
l showed a negative zeta potential of −10 mV evidenc-

ic character of the powder related to the solvent [34]. 
lation, as well as the preparation of the suspensions, 
 room conditions, and consequently a thin layer of tita-

 should cover the TiN nanoparticles. It has been 
sewhere [35,36] that the passivation layer surrounding 
rticles slightly displace the isoelectric point of those 
r comparative proposes, in our study, both PEIs were 
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d a similar surface chemistry in both suspensions.

value and 
Modificatio
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er was the molecular weight, the addition and adsorp-

leads to positive zeta potentials, providing in all cases 
steric mechanism of stability. In fact, the TiN suspen-

ropanol had pH 4, and consequently both PEI molecules 
d and positively charged when they have been added 
nsion [37]. The dissimilitude between the charge of the 
d the PEI chains promotes their electrostatic attraction 
 adsorption of the polymers onto the surface of the par-

ally, the amine groups of the PEI chains can anchor to 
ace in different ways, by Wan der Waals attraction, but 
hout quelate and dative bonds. However, differences in 

eight of PEI chains will determine their adsorption.

he PEI-25,000 addition increases, the measured zeta 
lues exhibit a more relevant contribution of the elec-

fect to the electro-steric mechanism. Zeta potential 
 +55 mV for the 0.5 wt.% to +75 mV for the 4.0 wt.%

 PEI-25,000. For further additions, the PEI-25,000 does 
adsorb. However for PEI-2,000, the addition of 0.5 wt.%

maximum zeta potential of +70 mV which is main-

 further additions. Consequently, a larger addition than 
PEI-2,000 will promote the presence of free-chains in 
sion. Differences in the surface charge between both 
bilizer systems can be attributed to the related adsorp-

2,000 and PEI-25,000 onto the TiN surface in different 
he addition of 1.5 wt.% of PEI-2,000 the surface of TiN 
ly covered, while the addition of a similar amount in 
EI-25,000 leads to free sites in the TiN surfaces. In this 
ges in the ionization state of PEI-25,000 could conduct 
oints anchoring of the long chain to the surface of the 

es. Fig. 1c shows a scheme illustrating the single-point 
oint adsorption of PEI chains.

 coatings were shaped on the stainless steel by EPD 
025 mA cm−2 for 300 s (5 min) and using TiN suspen-

1.5 wt.% of PEI-2,000 and PEI-25,000 with similar zeta 
70 mV). As-received polished stainless steel foils (AISI 
sed as substrate to study EPD kinetics after a standard 
atment. Fig. 2a shows the variation of the zeta poten-

 deposited mass by EPD as a function of concentration 
e (related to the solid content). The addition of a 
ent as hydrazine modifies the acid/basic character of 

 and then the ionization state of PEI chains adsorbed on 
 of the nanoparticles. The pH values change from 4 (0 
razine) to 8 (1.5 wt.% of hydrazine) and thus PEI chains 
te. A similar behaviour of the zeta potential was 
r both suspensions, evidencing the reduction of the 

c compo-nent of the electro-steric mechanism of 
n provided by the PEI addition. The increment of 
concentration also decreases the mass deposited by 
ected from the reduc-tion of the zeta potential absolute 

the electrophoretic mobility of the TiN nanoparticles. 
n of the stabilization state also affects to the 
ty of the coatings. Considering
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Fig. 2. (a) Evolution of zeta potential and deposited mass by EPD with addition of

hydrazine. (b) Evolution of conductivity and deposition efficiency with the addition

of hydrazine.
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lt (Fig. 2b) gives a new perspective to the effect of 
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ncreases the conductivity (from 0.5 to 2.0 �S c m−1) o f 
N suspension in isopropanol, but this increment of con-

 slightly higher in the case of TiN particles stabilized by 
dsorption (conductivity increases up to 1.5 � S c m−1). 
t.% of hydrazine is added to the suspensions stabilized 

.% of PEI-2,000 and PEI-25,000, a similar pH value of 8 is 
d consequently the protonation state of both chains 

imilar. However conductivity is not the same. The PEI- 
 was less neutralized than the PEI-25,000 for the same 
ydrazine. This effect verified the multi-point anchoring 

00 in contrast with the single-point adsorption of PEI- 
ingle-point adsorption leads to a higher amount of free 

groups, and consequently a higher conductivity value. 
r hand, differences in deposition were observed when 

ion efficiency is considered. The stabilization with PEI- 
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of efficiency for both systems.
suspensions stabilized adding 1.5 wt.% of PEI-2,000 and 
 and 0.28 wt.% and 0.66 wt.% of hydrazine, respectively, 
to study the kinetics of the EPD process. The TiN coat-

haped by EPD on stainless steel substrates, applying an 
d of 45 V for times up to 4800 s (80 min). EPD tests were 
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ductivity between formulated suspensions. During the 
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s stabilized with PEI-2,000 and 0.28 wt.% of hydrazine, 
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t.% of hydrazine. Fig. 3 shows the theoretical approach 
ass obtained from suspensions with 0.28 and 0.66 wt.

ne for PEI 2000 and PEI 25,000, respectively. Table 1
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etical curve of the kinetics of the process for both sus-
. Parameters are the volume of the suspension (V), the
oretic mobility (�e), the deposition surface (S), the elec-
(E) and the sticking factor (f). Based on these parameters,
cteristic time of the kinetics for each suspension are 6956 s
s for PEI-2,000 and PEI-25,000, respectively. The lower is
cteristic time the faster is the EPD process. So, as expected
electrophoretic mobility values, theoretically the kinet-
suspension dispersed by the addition of PEI-25,000 is

n that of the suspension with PEI-2,000 (under normalized
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experimental data, higher deposited mass rates were 

 with the PEI 25,000 suspension even when the concentra-
drazine is higher. Faster particles provide a faster coating 
n addition the plot shows that the experimental data are 
theoretical curve for low deposition times. Analyzing the 
istic deposition time of each suspension, it is possible to 
 kinetics equation quantifying the values of the sticking 
own at the plot in Fig. 3b. Sticking factor (f) is over 1 for 
n times <1500 s, and decreases for higher deposition times 
uspensions.
st consequence derived from the evolution of the sticking
hat as-formulated suspensions will never provide a 100%
n yield. After 1500 s (20 min) of deposition time, the sta-
e system decreases and deposition process is practicality

The second characteristic of the EPD kinetics of nano-TiN
ns is the markedly high sticking factor. When the sticking
ry between 1.5–1.8 the TiN coatings are 50–80% heavier
cted.
rily to the Hamaker equation [14], at present elec-
ic models specifically consider changes of parameters 
position time. These parameters are mainly involved in 

rophoretic behavior of the particles. Although theoretic 
rimental studies lead to a clear dependence between 
n parameters and electrical conditions, only the model 

 by Ferrari et al. [14] considers the interdependence of 
em, the solid content of the suspension and its resistivity. 

, all these models do not quantify the phenomena taking 
the interface soli-liquid-solid during deposition, and 
equations only are represented by one variable: the 

actor, f.

cont
to na
duct
orde
elect
a pla
used
area
roug
part
coin

U
excl
Mod
actin
tive 
thro
sis is
the e
kind
espe
volu
ioniz
cult 
pack
decr
mec
the k

In
part
the i
PEI c
to “t
mult
a ev
amo
Our 
the e
part
then
the r
syste
2,00
blish the relationship between the evolution of the stick-
and the conditions of the stability of the nanoparticles
n, it is necessary to standardize other EPD variables. In
, electrical conditions and some fixed stability conditions

also the c
nanopart
electroph
a higher 
ergetic barriers resulting from the mechanism of stabilization operating

e to normalize the EPD test, isolating phenomena related 
articles packing at the electrode. In our EPD tests the con-
 of the suspension was reduced as much as possible in 
diminish the effect of secondary reactions at the work-
 (current transients, overpotentials, etc.) [19]. Moreover, 
geometry was fixed, as well as polished substrates were 
dentify the geometric area with the conductive surface 
lished substrates also allows considering surface 
s of the electrode, R (nm), in the same order than the 
iam-eter, d (nm), and then the conductive surface area 
 with the deposition surface area [38].
 fixed conditions, the deposition and particles packing 
ly depend on the colloidal chemistry of the suspension. 
g of inter-particle forces supposes that the net force 
ong particles is an algebraic sum of repulsive and attrac-
s [38]. Suspensions currently used in EPD are stabilized 
ut an electro-steric mechanism, because of electrophore-
d in the movement of the particles in a liquid medium by 
 of an electric filed. However, it is demonstrated that this 
tabilization is not the optimum for packing [35,39,40] 
 for nanoparticles. The formation of an extremely wide 
f exclusion surrounding nanoparticles provided by highly 
olymers, as well as a high potential barrier which diffi-
particles approaching [15], decreases the degree of 
hen bulk parts or coatings are shaped. In those cases, the 

 of the electrostatic contribution to the electro-steric 
m of stability could promote a better packing and step up 

ics of the film growth.
 suspensions stabilized by the adsorption of PEI on the 
surface, the addition of hydrazine promotes changes on 

ation state of PEI and consequently in the conformation of 
s on the particle surface [39,40]. PEI changes from “tail” 
 conformation, especially PEI-25,000 which adsorbs in a 
int way. Zeta potential measurements in Figs. 1 b and 2 
e the screening of electrostatic interaction forces acting 
rticles when there are stabilized within the liquid media. 
ms exhibit a mainly steric stabilization which reduces 
sion volume and the electrostatic potential barrier when 
approach during deposition. Nanoparticles packing was 
red by the own stabilization system, and this could be 

n of the anomalous high sticking factor exhibited by these 
On the other hand, the sticking factor is higher for PEI- 
well as kinetic is faster for PEI-25,000. Both facts are 

onsequence of slight differences of stabilization. The TiN 
icles stabilized by the addition of PEI-25,000 have a higher 
oretic mobility so they move faster, but they also exhibit 
electrostatic interaction and then particles pack slower.
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ws different schemes of the energy interaction curves vs 
nce between surfaces which illustrate the energetic bar-
 particles should overpass to adhere and form a cohesive 
n the substrate as a function of the mechanism of stabiliza-
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ating in the suspension. The curves of potential energies 
termine the interaction among particles can be approxi-
 a function of the conditions for stabilization (particle size,

1.5 wt.% 
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Fig. 6. Pictures of TiN coatings shaped from the suspension stabilized by PEI-2
tainless steel 316 L and 304, and Ti, including the calculated theoretical
tings shaped by EPD in stainless steel 304.

 polymer chain, ionic concentration, pH, etc.) [41]. Both 
oretic mobility and potential energy are key parameters 
ine the sticking factor.

iN nanoparticles suspension was stabilized by adding 

of PEI-25,000 and 0.66 wt.% of hydrazine (0.22 ml), and 
er different surfaces. Fig. 5a shows the kinetics of nano-TiN 
n for times lower than 180 s (3 min) when using stain-

5,000 with the addition of 0.66 wt.% of hydrazine.
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For interpretation of the references to color in this figure legend, the reader is refer

 AISI 316L (SS316L) and AISI304 (SS304) substrates and with

tes fabricated by pulvimetallurgy (PM) techniques [42]. 

steel surfaces are polished while Ti substrates have an as-
 surface. The TiN coatings are showed in Fig. 5b together

cal behav
higher th
because 

RD spectra of as-received TiN nanopowder and TiN film sintered at 1200 ◦C. (b) N2 adso
wder. (c) ATD-TG analysis of the as-received TiN nanopowder. (d) Dilatometry of TiN film
suspensions stabilized by PEI-25,000 with the addition of 0.66 wt.% of
the web version of this article.)

rew coated. Fig. 5a also shows the calculated theoreti-

ior as a reference. All kinetics exhibits a sticking factor 

an 1. Deposition kinetics on stainless steels is quite similar, 
of they have similar surface roughness and the differ-

rption/desorption isotherm and porous size distribution of as-received
obtained by uniaxial pressing of TiN nanopowder.
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the metal conductivity are negligible in EPD [43]. The 
fabricated by EPD cover evenly the AISI surfaces (pic-
g. 5c). However, deposition kinetics in as-prepared Ti is 
an in polished work electrodes. The decrease of the depo-
e could be associated to the higher roughness (maximum 
s around 13 �m) and to the 2% closed porosity randomly 
d at the surface of this kind of PM substrates. However, 
rm distribution of TiN nanoparticles on the as-prepared 
 is not affected by the lower deposition rate as shown 

cture in Fig. 5b. Finally, the optimization of the stabil-
 suspension and the parameters of the EPD performance 

ing 
with
subs
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grow
the 
show
304 
film

It
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vering complex shapes as the screw shown at the picture 
.
portant aspect during the EPD process is associated to 
 cracking of the ceramic coating during drying [44]. Dur-

arrangem
study of p
images sh
for a depo
3 min (d–f) from suspensions stabilized by PEI-25,000 with the addition

rocess, the evaporation of the solvents occurs together 
densification, and the shrinkage of the coatings, but dense 
s do not change on dimensions. The coating will develop 
tress and these stresses will release throughout cracks 
n this system we use an organic solvent which increases 
g rate at room conditions stepping up cracking. Fig. 6 
e optical micrographs of TiN coatings on stainless steel 
function of deposition time. The fabrication of crack-free 
uires low deposition times, <5 min.
mportant to describe the surface networks developed 
article clustering, which is critical for predicting particle 

ent at the nanoscale. In this sense, the use of AFM to the 
article sticking and packing is a helpful tool. In Fig. 7, AFM 
ow the compacted surface of TiN coating obtained by EPD 
sition time of 2 min. The TiN coating displays a dense and
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ing 1 h in vacuum atmosphere. (b) ORLM image and (c and d) FE-SEM images at dif

icles packing degree. A detail of the topography shows TiN 
ates of 200 nm in size, while the profile of the nanostruc-
bits a roughness equivalent to three times the diameter of 
merates. So, the TiN agglomerates are the building blocks 
 coating which confirms that agglomerates in the micro-

ig. 1a) are aggregates produced during the preparation of 
ial powders.

acterization of the sintered TiN coatings

shows the results of the morphological and the ther-mal 
f as-received TiN nanopowder. Plot in Fig. 8 shows the X-
ction (XRD) pattern of as-received TiN nanopow-der. The 
n pattern indicates the presence of a crystalline phase 
ee characteristic peaks (37.25◦, 43.20◦ and 62.43◦) 
ding to (1 1 1), (2 0 0) and (2 2 0) planes of cubic TiN 
-38-1420). Fig. 8b shows the N2 adsorption/desorption 

s and the pore size distribution of the as-received TiN 
ders. The shape of the isotherm indicates the low amount 
and mesopores of TiN nanoparticles. The low adsorbed 
at very low relative pressure (P/Po < 0.01) verifies the 
 of low amount of micropores (<3 nm in the pore size 
on at the inset). The type II nitrogen isotherm and the 
ysteresis at high relative pressure evidences the presence 
acrop-ores with pore sizes >50 nm (pore size distribution 
et). The TiN nanopowders have a specific surface area of 
 g−1 and a density of 3.27 g cm−3. Values of the specific 
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rea and low density (theoretical density of TiN is 5.22 g 
 well as the adsorption/desorption isotherms, evidence 
 and smooth structure of the TiN nanoparticles (26–32 
e aggre-gates/agglomerates of 200 nm (Fig. 1a).

result in
compacte
TiN films
structure
treatmen
nsions stabilized by PEI-25,000 and 0.66 wt.% of hydrazine, sintered at
magnifications of TiN consolidated coating.

A analysis in Fig. 8c exhibits a marked exothermic peak at 
sociated to a 25% gain of weight. The gain of weight, and 
d exothermic peak, indicates the partial oxidation in air 
eived powder above this temperature. Finally, the 

try (Fig. 8d) evidences the evolution of a TiN slice, 
 by press-ing, during consolidation under N2 atmosphere. 
ution of the TiN film shows the shrinkage up to 500 ◦C 
d with the smooth structure of the as-received TiN 
s. Final consoli-dation of the microstructure is reached at 

several hundred degrees below the regular temperatures 
in the literature. The XRD spectrum of the sintered TiN 
 also plotted in Fig. 8a. Diffratogram shows an increment 
stallinity after the thermal treatment at 1200 ◦C, but also 

 the absence of massive titanium oxide (<5%). Warren 
 and Scherrer anal-ysis suggests the increase of the crystal 
 25 nm to 30 nm after the TiN sinterization.

 of the thermal characterization of the TiN powders, the 
tments of TiN coatings obtained after deposition times of 
in on AISI 316L stainless steel were carried out at 1200 ◦C 
r in vacuum in order to consolidate the TiN structure 

oxidation [45]. The EPD coatings thermally treated were 
 with the suspension stabilized with PEI-25,000 and the 
of 0.66 wt.% of hydrazine. The surface of these samples 
lyzed by SEM (Fig. 9). Consolidated microstructures of TiN 
ibits completely different surfaces as a consequence of 

shrinkage during sintering and the amount of deposited 
 The porosity and the connectivity among pores decrease 
ition time increases. That means, longer deposition times 

 higher deposited mass (Fig. 5a) but also in a well 
d struc-ture of particles. The higher packing degree of 

 obtained after 3 min of EPD leads to a well consolidated 
 with a lower amount of porous after the thermal 
t.
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