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The structure and residual stresses of TiN films deposited onto substrate of spring steel by an
arc ion plating were investigated by X-ray diffraction. The films exhibited high {111} orientation.
Residual stresses in the films were evaluated by the two-exposure method to obtain lattice strains
for 222 diffraction at y O OOand 70.50with CuKa radiation. The results revealed very high
compressive residual stresses of -7.1 to -6.3GPa which are one order larger than the thermal residual
stress expected from the thermal strain mismatch between the film and the substrate. These residual
stresses decreased with increasing annealing temperature and annealing time, and finally reached
a level of the thermal residual stress after annealing at temperatures above 1073K. Vickers micro
hardness tests of TiN films revealed high hardness (HV 950-2360) whose value depended on annealing
treatments. No residual stress was observed in the substrate interface in an as-deposited state.
Tensile residual stress was developed after the annealing above 1273K. Vickers hardness of steel
substrate was about 170HV for the annealing below 1073K. After annealing at 1273K, the hardness
increased to about 300HV due to the structural transformation.

The ratio of nitrogen to titanium (NOTi) was observed by the X-ray photoelectron spectroscopy
(XPS) before and after annealing treatments. The results of the XPS analysis showed that the initial
value of NO Ti1 was about 0.87 in the as-deposited TiN films and that the ratio of NI Ti did not change
after annealing at temperatures below 1073K, and gradual ly decreased to 0.80 by annealing above 1073K.

X-Ray Stress Measurement and Mechanical Properties of TiN Films Coated on Aluminum and Aluminum
Alloy Substrates by Arc lon Plating and lon Beam Mixing
Yasuhiro MIKI®Y, Tadashi TANIGUCHI®Y, Takao HANABUSA®, Kazuya KUSAKA"" and Tatsuya MATSUE""



YUNara Prefectural Institute of Industrial Technology, ""Department of Mechanical Engineering,
Tokushima University, ““Niihama national College of Technology
Materials Science Research Internationall vol.60 pp243-2480 2000 O

TiN coatings on cutting tools have greatly succeeded in prolongation of tool lives. In the present
study, TiN film deposition was tried on a surface of aluminum and aluminum alloy substrates by means
of an arc ion plating (AIP) method and an ion beam mixing (IBM) method. The aim is to develop
aluminum-based materials having strong wear resistance. In order to examine the hardness and residual
stress of TiN films, the bias the voltage and N, gas pressure were varied in the AIP treatment and
the titanium deposition rate was changed in the IBM treatment. Vickers hardness test revealed high
values (HVO 180001 2400). The TiN films coated by the AIP and the IBM methods exhibited very high
{111} and {110} preferred orientations, respectively. The two-exposure X-ray stress measuring method
was used to measure residual stresses in the TiN film. Large compressive residual stresses of -6.3
0 -2.3GPa were developed at lower N, gas pressures for the AIP method and at higher Ti deposition
rates for the I1BM method. A wear experiment was also made with a ball-on-disk type wear testing machine.
The depth and the width of wear traces on the surface of specimens were greatly reduced when TiN
coatings were applied.
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Residual stresses arise in fiber-reinforced metal matrix composites due to the thermal expansion
mismatch between the matrix and fibers after cooling the composites from elevated temperatures. The
residual stresses in a 6061A1 alloy unidirectionally reinforced with 140-micron meter diameter SiC
Tibers were measured during thermal cycling, and after heat-treating, of the composite. While relative
changes of the fiber residual stress were estimated from measurements of the change in length of
the heat-treated composite, matrix residual stresses were measured by X-ray diffraction. The X-ray
triaxial stress analysis, where the measured value of a stress-free interplanar spacing d, was
discussed to be reliable, showed that a stress state in the matrix surface layer sampled by the X-rays
was biaxial and that the longitudinal residual stress parallel to the fibers was the maximum principal
stress. It was found that the residual stresses were independent of cooling rates of the composite
and that changes of the longitudinal residual stress in the matrix and in the fibers balanced each
other in the heat-treated composite. The X-ray biaxial stress measurements during thermal cycling
between room and aging temperature of the aged composite revealed that the matrix tensile residual
stresses decreased linearly with increasing temperature. The reduction could be well described by
using an elastic concentric cylinder model.

Preparation and optical properties of ZnS-microcrystals deposited in silica gels
T.Asahi, H.Yamashita®" O and T.Maekawa™F
Niihama National College of Tchnology, “"Ehime University
Ceramics International 27 39-43(2001)

Zn0 doped silica gels were synthesized by the hydrolysis and condensation of complex solution
tetraethyl orthosilicate (TEOS) and zinc acetate (Zn(Ac),) and heating at 50000 in the air. For
conversion to ZnS doped gels, they were exposed to H,S gas at appropriate temperatures. The crystal



size of ZnS determined by the width of X-ray diffraction pattern and direct transmission electron
micrograph (TEM) grows from 1 to 4 nm with an increase of reaction temperature with H,S gas. The edge
energies of optical absorption shifted to higher energy side compared with that of bulk crystal and
reciprocally increased in proportional to the square of the crystal size. The peak energy of
Tluorescence spectra also shifted to lower energy side with an increase of reaction temperature
exposing to the H,S gas. Thus, the quantum size effect could be found for ZnS microcrystals in the
gels.
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The Effect of Residual Stresses on the Wear Behavior of TiN Films on Aluminum
Substarates
T.HANABUSA"Y , Y.MIKI®®, T. MATSUE"Y, K.KUSAKAS®

UOFaculty of Engineering, Tokushima University, ““Nara Pref. Inst. of Ind. Technol., PC“Niihama
National College of Technology
The Sixth International Conference on Residual stresses[] Vol.2[ pp827-83601 2000 O O

In the industrial fields, aluminum and aluminum alloys are widely used in mechanical components.
However, their application is essentially restricted because of their low strength. If hard coatings
are made on a surface of aluminum or aluminum alloys, their application will widely be enlarged.
Ceramic coatings on steel substrates are well established in recent material technology to give wear
resistance. For example, TiIN coatings on cutting tools greatly succeeded in prolongation of tool
lives. In the present study, TiN film deposition was tried on a surface of aluminum and aluminum
alloy substrates by means of an arc ion plating. The aim is the development of aluminum based materials
having strong wear resistance.

Arc current was maintained at 60A for minimizing temperature increase in the substrate during
depositing processes. Bias voltage and N, gas pressure were changed to examine their role on hardness
and residual stress of TiN films. Wear experiment was also conducted with a ball-on-disk type wear
testing machine. Vickers hardness test revealed high values (HVO 210000 2400) which depend on both
bias voltage and N, gas pressure. The TiN films exhibited very high {111} preferred orientation under
the condition of high bias voltage of -80V. Residual stresses in the TiN film were measured by the
two-exposure X-ray stress measuring method as a function of N, gas pressure. Very high compressive
residual stresses, -6.3[1-4.6 GPa, were observed depending on the N, gas pressure as well as the
hardness of substrate material. Large compressive residual stresses were developed at lower N, gas
pressure and for higher hardness of the substrate. The depth and the width of wear traces on the
surface of specimens were greatly reduced by TiN coatings. Especially, no wear traces appeared on
a surface of the film which was deposited at the bias voltage of -80V and the N, gas pressure of 1.0
Pa onto Al-Cu alloy specimen.

Alteration of Residual Stresses in TiN and TiC Films due to Annealing Treatments
T. MATSUE"Y, T. HANABUSA"", Y. IKEUCHI""
OONiihama National College of Technology, FFFaculty of Engineering, Tokushima University
The Sixth International Conference on Residual stresses[ Vol.2[0 pp964-9710 2000 O O

The structure and residual stresses of TiN and TiC films deposited on a steel substrate were
investigated by X-ray diffraction. TiN films approximately 4um thick were deposited on one side of
the substrate by multi-arc physical vapor deposition (TiNy, and TiC,, Film) and thermal chemical vapor
deposition (TiNy, film). The TiN,, and the TiC,, Films had a compressive residual stresses of -8.8GPa
and -7.8GPa, respectively. These residual stresses decreased on increasing the annealing temperature,
and decreased to the level of the thermal residual stress after annealing at temperature of 1073K.
The TiNy, films had a compressive residual stress of -1.8GPa. The residual stresses did not change
by annealing at temperatures below 1073K, but they increased with increasing annealing temperatures
above 1073K. By X-ray photoelectron spectroscopy (XPS), we determined the ratio of nitrogen (or
carbon) to titanium (N or CO Ti) of the TiN,,, TiCy, and TiN., Films after the annealing treatments.
The results of the XPS analysis showed that the initial value of NO Ti was about 1.08 in the
as-deposited TiN,, and TiNy, films, and for those samples the ratio of NOTi did not change after



annealing at temperatures below 1073K, but decreased to 1.00 after annealing at temperatures above
1073K. On the other hand, the initial value of CO Ti was about 1.01 in the as-deposited TiC,, films,
and for those samples the ratio of CO Ti did not change after annealing at temperatures below 1273K,
but decreased to 0.80 after annealing at temperatures of 1473K.

Effects of Residual Stresses on Thermal Expansion of Continuous Alumina Fiber-Reinforced
Aluminum
Y. IKEUCHI®P, T. MATSUE"", T. HANABUSA-U

YONiihama National College of Technology, “"Faculty of Engineering, Tokushima University
The Sixth International Conference on Residual stresses[] Vol.2[ pp1291-1298[1 2000 OJ

The thermal expansion behavior along the fiber direction of a unidirectionally reinforced aluminum
composite was studied in a temperature range of 300-800K. A strain hysteresis loop attributable to
the presence of thermally induced residual stresses in the composite was observed. During cooling
the composite from 800K to 300K, the matrix was plastically deformed in tension. With subsequent
heating of the composite, the tensile matrix stress elastically decreased to zero stress level at
about 330K and then the matrix was plastically deformed in compression. Time dependent strain during
isothermal holding of the composite at elevated temperatures was revealed. The change in strain of
the composite under isothermal conditions was influenced by the sign of residual stresses. The
relaxation behavior of the matrix stress during isothermal holding of the composite could be well
described in a form of the power law for steady-state creep of pure aluminum. The activation energy
for the relaxation process of the matrix stress was evaluated to be nearly equal to the activation
energy for self diffusion of pure aluminum.
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Alteration of Residual Stresses in TiN and TiC Films due to Annealing Treatments
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The structure and residual stresses of TiN and TiC films deposited on a steel substrate were
investigated by X-ray diffraction. TiN films approximately 4um thick were deposited on one side of
the substrate by multi-arc physical vapor deposition (TiN, and TiC,, Film) and thermal chemical vapor
deposition (TiNy, film). The TiN,, and the TiC,, films had a compressive residual stresses of -8.8GPa
and -7.8GPa, respectively. These residual stresses decreased on increasing the annealing temperature,
and decreased to the level of the thermal residual stress after annealing at temperature of 1073K.
The TiNy, films had a compressive residual stress of -1.8GPa. The residual stresses did not change
by annealing at temperatures below 1073K, but they increased with increasing annealing temperatures
above 1073K. By X-ray photoelectron spectroscopy (XPS), we determined the ratio of nitrogen (or
carbon) to titanium (N or CO Ti) of the TiNyyp, TiCyp and TiNgy, Films after the annealing treatments.
The results of the XPS analysis showed that the initial value of NO Ti was about 1.08 in the
as-deposited TiN,, and TiNy, films, and for those samples the ratio of NOTi did not change after
annealing at temperatures below 1073K, but decreased to 1.00 after annealing at temperatures above
1073K. On the other hand, the initial value of COTi was about 1.01 in the as-deposited TiC,, films,
and for those samples the ratio of CO Ti did not change after annealing at temperatures below 1273K,
but decreased to 0.80 after annealing at temperatures of 1473K.

The Effect of Residual Stresses on the Wear Behavior of TiN Films on Aluminum
Substarates
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In the industrial fields, aluminum and aluminum alloys are widely used in mechanical components.
However, their application is essentially restricted because of their low strength. If hard coatings
are made on a surface of aluminum or aluminum alloys, their application will widely be enlarged.
Ceramic coatings on steel substrates are well established in recent material technology to give wear
resistance. For example, TiIN coatings on cutting tools greatly succeeded in prolongation of tool
lives. In the present study, TiN film deposition was tried on a surface of aluminum and aluminum
alloy substrates by means of an arc ion plating. The aim is the development of aluminum based materials
having strong wear resistance.



Arc current was maintained at 60A for minimizing temperature increase in the substrate during
depositing processes. Bias voltage and N, gas pressure were changed to examine their role on hardness
and residual stress of TiN films. Wear experiment was also conducted with a ball-on-disk type wear
testing machine. Vickers hardness test revealed high values (HVO 210000 2400) which depend on both
bias voltage and N, gas pressure. The TiN films exhibited very high {111} preferred orientation under
the condition of high bias voltage of -80V. Residual stresses in the TiN film were measured by the
two-exposure X-ray stress measuring method as a function of N, gas pressure. Very high compressive
residual stresses, -6.3[0-4.6 GPa, were observed depending on the N, gas pressure as well as the
hardness of substrate material. Large compressive residual stresses were developed at lower N, gas
pressure and for higher hardness of the substrate. The depth and the width of wear traces on the
surface of specimens were greatly reduced by TiN coatings. Especially, no wear traces appeared on
a surface of the film which was deposited at the bias voltage of -80V and the N, gas pressure of 1.0
Pa onto Al-Cu alloy specimen.

Effects of Residual Stresses on Thermal Expansion of Continuous Alumina Fiber-Reinforced
Aluminum
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Residual stresses and the thermal cycling strain response along the fiber direction of a
unidirectionally reinforced aluminum composite were studied in the temperature range of 290-800K.
A strain hysteresis loop attributable to the presence of thermally induced residual stresses in the
composite was observed. Upon the cooling process of the composite from 800K to 290K, the matrix was
plastically deformed in tension. Upon the subsequent heating process of the composite, the tensile
matrix stress elastically decreased to zero stress level at about 330K fol lowed by plastic compressive
deformation of the matrix. Time-dependent strains during isothermal holds of the composite at elevated
temperatures in the absence of externally applied stresses were revealed. The changes in strain of
the composite under isothermal conditions were influenced by the sign of the residual stress. When
the matrix residual stress was in compression, the composite contracted. When the matrix residual
stress was in tension, the composite expanded. The relaxation behavior of the matrix residual stress
during isothermal holds of the composite could be well described in a form of the power law for steady
state creep of pure aluminum. The activation energy for the relaxation process of the matrix residual
stress was evaluated to be nearly equal to the activation energy for self diffusion of pure aluminum.
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