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Titanium nitride (TiN) films were deposited on304 stainless steel substrate by hollow cathode discharge
(HCD) ion-plating technique. The preferred orientation and microstructure were studied by x-ray dif-
fraction (XRD) and transmission electron microscopy (TEM), respectively. Microhardness of the TiN
film was measured and correlated to the microstructure and preferred orientation. The results of TEM
study showed that the microstructure of TiN film contains grains with nanometer scale. As the film thickness
increases, the grain size of TiN increases. The x-ray results show that TiN(111) is the major preferred orienta-
tion of the film. The hardness of TiN film is primarily contributed from TiN(111) preferred orientation.

|Keywords coatings, hollow cathode discharge, TiN, type 304 were ultrasonically cleaned in acetone, methanol, and distilled
water, progressively. Then, the specimens were loaded into the
chamber of HCD ion-plating equipment for TiN deposition.
The specimens were first heated to the desired temperature.
) . . . Then, they were ion bombarded by an argon glow discharge for
Due to excellent mechanical properties and corrosion resis-oy minytes. The deposition was carried out at a partial pressure
tance, titanium nitride (TiN) is commercially used on steels as of 0.11 Pa for both argon and nitrogen. The titanium source ma-
a protection film to (_axter_1d the life of the steels. Hardness is 3terial was evaporated by the HCD electron beam gun. The sub-
simple and convenient index employed to evaluate the me-gy 4105 of polished stainless steel with starting temperatures

chanical property of TiN film. The hardness of TiN film varies ¢, 275 t9 350 °C were at a bias voltage of —80 V. The HCD
from 340 to 3000 kgf/mf depending on deposition technique _gun power was controlled by keeping a constant ion current at

and deposition parameters (Ref 1). Among the various deposi-gq A with varying voltage from 20 to 25 V. The final TiN film
tion techniques for producing TiN, ion plating is unique in pro- ickness is ~im, which was measured using a scanning elec-
viding better adhesion between coating and substrate than,. microscope (SEM).
other techniques (Ref 2-4). Hollow cathode discharge (HCD) * itaniym nitride coated 304 SS specimens were prepared
lon platlng IS one of the_most popular techniques used in Ir‘dus'fortransmission electron microscopy (TEM) study. After being
try for thin film preparation. _ ground to the thickness of ~80 to @fh, the specimens were
Many factors can a_ffect the_hardness of TiN f|_Im§. One of punched into 3 mm diameter disks using a manual punch. The
the important factors is the microstructure of thin film. The specimens were further dimpled down to ~5 tuGthickness
microstructure and mechanical properties of TiN vary with | . o dimple grinder. Finally, thinning of the specimens was
processing and deposition conditions. In reality, even small performed by a precision ion miller. Some TEM specimens
changes in the composition or structure of films can lead to were dimpled from both sides of the specimen. On the side
wide differences in the properties of TiN film (Ref 5). Although ¢ +iN film. the dimpling depth was controlled to be less
engineering aspects of the ion-plating technique and resulting, - 1 fiim tr;ickness. Then the specimen was dimpled on the
coating properties have been studied extensively (Ref 4, 6'7)'reverse (substrate) side. After dimpling, the specimens were

the microstructure, such as grain size, preferred orien'[a'[ion,further thinned by an ion miller to reveal the inside micro-
and the relation to hardness of TiN film have not been investi- structure of TiN film

gated in great detall._ . . . . . The crystallographic preferred orientations of the TiN film

The purpose of this study is to investigate the relationship be'were identified by x-ray diffraction (XRD) with copp& ra-
tween hardness and microstructure, including grain size and pregiation The hardness of the TiN film was measured by an ultra-
ferred orientation of TiN film produced by HCD method. microhardness tester. To facilitate the measurement of the
indentation, a Knoop indentor was employed, and the testing
load was 5 gf. Composition of the TiN coating layer was deter-
mined using x-ray photoelectron spectroscopy (XPS).

1. Introduction

2. Experiment

The substrate material for TiN coating was commercial 304
stainless steel (304 SS) plate with dimensions of 30 by 30 by
0.6 mnP. After the specimens were ground and electropolished
in a solution of 40% K50, and 60% HPO, at 32 °C, they

3. Results and Discussion

3.1 Microstructure of TiN

C.T.Chen,Y.C. Song G.-P. Yu, andJ.-H. Huang, Department of En- ] . )
gineering and System Science, National Tsing Hua University, ~ Figure 1(a) shows the grain morphology in the surface layer
Hsinchu, Taiwan 300, R.O.C. of aTiN film. The grain size is ~80 to 100 nm and was measured
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from TEM micrographs using the linear intercept method. Fig- sizes of the TiN film in this study are generally in nanometer
ure 1(b) shows that the selection area diffraction exhibits a ringrange.

pattern. This indicates that the grains in the surface layer are The nanometer size grains may be due to the effect of ion
polycrystalline with a random orientation. Figure 1(c) shows bombardment, which affects the nucleation sites on the sub-
the inner microstructure of TiN film close to the 304 SS sub- strate (Ref 8-10). Because HCD ion plating has a high-ioniza-
strate. The grain size in Fig. 1(c) is <20 nm, which is apparently tion probability, a large number of fast ions bombard the
smaller than the grain size in the surface layer. Figure 1(d) is thesubstrate surface under bias voltage. Consequently, the sub-
selection area diffraction pattern of Fig. 1(c). Again, aring pat- strate surface is disturbed, and many nucleation sites are cre-
tern is observed, and the rings are more distinct than those irated during the process. As titanium and nitrogen atoms
Fig. 1(b). This also indicates that the grain size in the inner condense and react on the substrate surface, TiN grains are easy
layer is much smaller than the grain size in the surface layer.to nucleate but difficult to grow because too many grains are
Figure 2 shows a high-resolution transmission electron micros-nucleated simultaneously. These grains can impede each other
copy (HRTEM) image of nanograins with an average diameterto grow in their sites. As a result, nanometer grains are pro-
of ~10 nm for the same specimen in Fig. 1. In fact, the grain duced. This ion-bombardment enhanced nucleation mechanism

Fig. 1 (a) Bright field image of the surface layer of a titanium nitride film. (b) Selection area diffraction pattern of thelayeiace
(c) Bright field image of inner layer close to the substrate of a titanium nitride film. (d) Selection area diffractiongbaieinner layer
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is believed to occur throughout the plating process. The pres-sistent with the revised structure zone model proposed by
enceofnanometer-size grainsinthe surfacelayerof TiNfilmis Messier et al. (Ref 11). In their model, the grain size in the film
evidencetosupportthe previousargument. increases with increasing film thickness, which is attributed to
Figure 1(a) and (c) also indicate that the TiN grains are en-the synergistic effect of thermal and bombardment induced mo-
larged during the deposition process. This observation is con-bility. The physical structure of a thin film is related to mobility
of the adatoms at the growing film surface. During film
deposition, the substrate and the deposited film continu-
ously receive energy from the incoming ions. This input en-
ergy not only raises the temperature of the specimen, but
also increases the mobility of the adatoms or molecular spe-

Table1l Summary of the experimental results of
compositions, texture coefficient, and hardness of TiN
coating specimens

Specimen N/Ti Texture Hardness, cies. Therefore, grain growth is more significant as film
No. ratio coefficient kgfimm?2 thickness increases.

1 1.245 39.46 1980 The average grain size increases with increasing substrate
2 1.117 2.07 2022 temperatureTg, from 8 nm affg= 275 °C to 33.5 nm &g =

3 11.14 1103 350 °C, as shown in Fig. 3. At higher temperatures, because of
g iégz 18'28 11%‘65 the higher bulk and surface diffusion rate, adatoms and molecu-
6 1208 172,65 2243 lar species can migrate a larger distance, which leads to the for-
7 0.902 3.71 2144 mation of coarser grains.

Figure 4 shows the microstructure close to the 304 SS
substrate. Slip steps can be observed in the grain of this re-
gion. The slip steps suggest that the formation of TiN film is
accompanied with a very high compressive stress (Ref 12)
and consequently results in plastic deformation in the metal
substrate.

3.2 Preferred Orientation of TiN Film

The preferred orientation of the TiN film was determined by
XRD. Figure 5 shows a typical XRD pattern of 304 SS with TiN
film. Two preferred orientations in TiN film, namely TiN(111)
and TiN(200), are shown, which is consistent with previous ob-
servations (Ref 13-15). The major preferred orientation in the
TiN film is TiN(111), which can be attributed to the fact that the
(111) plane is the most close-packed surface with the lowest

Fig. 2 HRTEM image of titanium nitride nanograins surface energy. The close-packed planes are also slow-growth
planes, and such planes are known to survive at the expanse of
50.00 T T T T T fast-growth planes (Ref 16).To compare the relative strength of

TiN(111), a texture coefficient is defined as:

Peakintensityratio TiN(111) / TiN(200) for specimen
Peak intensity ratio TikL11) / TiN(200) for powder specimen
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Fig. 3 Average grain size vs. starting substrate temperature on
the titanium nitride surface layer Fig. 4 Slip steps on 304 SS near titanium nitride film
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The increase of texture coefficient that represents TiN(111) isthe film. However, the increase of the hardness can be from the
more pronounced. variation of composition. For several deposition techniques,
the maximum microhardness is reached for the composition
TiN, - 9 g(Ref 1). From Fig. 7, the variation of N/Ti ratio from
3.3 Hardness 0.902 to 1.332, the maximum hardness is at N/Ti = 1.298, and
Table 1 summarizes the experimental results of composi-there is no relation between the N/Ti ratio and the (111) diffrac-
tion, texture, coefficient, and hardness of TiN coating speci- tion intensity. Figure 8 shows that the texture coefficient is not
mens. Figure 6 shows that the hardness of TiN film varies with dependent on the N/Ti ratio.
the texture coefficient. The hardness of TiN film increases rap-  If the effect of preferred orientation is considered, the speci-
idly with texture coefficient between 0 and 40. Beyond a tex- men having a higher degree of TiN(111) texture will be harder
ture coefficient of 40, the hardness of TiN film levels off and than specimens having TiN(200) or other orientation. This can
reaches a value of ~2100 kgf/rAriThis result clearly indicates  be explained from the relationship between preferred orienta-
that the hardness of TiN film is closely related to the texture of tion and the resolved shear stress on the slip systems of TiN,
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Table 2 Schmid factors of the slip systems in TiN as the e Hardness of the TiN film is contributed from TiN(111) tex-

external force in a direction of <111> ture. If the texture coefficient is <40, the film hardness in-
creases with increasing texture coefficient; at >40, the TiN
Schmid factor, _ _ film hardness levels off and is closed to a value of the hard-
Cos¢ Cos8 Cos¢ Cos© Slip system of TiN ness of TiN single crystal film in [111] direction, 2300
(110)[ 0] kgfimmé.
(110)[110] +  Grain size in TiN film is within nanometer range.
0 %6 0 (101)[1a]
(101)[T01]
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