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ABSTRACT

WEAR BEHAVIOR OF PVD TITANIUM NITRIDE-COATED
TOOL STEELS

Xihong Wang

Oregon Graduate Institute of Science and Technology, 1989

Supervising Professor: Paul Clayton

Titanium nitride films deposited by physical vapor deposition (PVD) have
received great interest as wear resistant coatings. In spite of many successful
applications, especially on metal cutting tools, the mechanisms by which these
coatings fail or degrade are poorly understood. The wear behavior of commer-
cial titanium nitride coatings prepared by two different PVD evaporation
processes were studied using the Dry Sand Rubber Wheel (DSRW) test and
wood cutting tests. Their performance was compared with an electroplated

chromium coating.

Titanium nitride coatings were deposited on high speed steel substrates by
two commercial PVD coating vendors. One vendor used an arc evaporation
PVD process while the other used electron-beam evaporation. The thickness of
these commercial titanium nitride coatings varied from 0.5 to 2.4 pm depending
on the side of the sample. The thicker titanium nitride coating showed a higher

wear resistance than the electroplated chromium coating. However, the thinner

xi




titanium nitride coatings did not perform better than the electroplated
chromium. Macroparticles distributed on the titanium nitride coating surface
were found to influence the initial deterioration of the thicker titanium coating,
while microcracking observed on the surface of the thinner titanium nitride
coating is believed to enhance coating removal. The electroplated chromium
was found to degrade by uniform grooving wear in contrast to the titanium
nitride coatings which deteriorated predominately by a spalling process. There
was no difference in deterioration behavior or wear resistance observed between
the arc-evaporated titanium nitride coating (0.7 pm thick) and the thin

titanium nitride coating (0.5 pm thick) produced by electron-beam evaporation.

The ranking of wear resistance in the wood cutting test among the
different types of coatings was different from that of DSRW testing; with the
Cr-coated cutters having the highest wear resistance, the Multi-Arc arc-
evaporated TiN coating the second highest, and the Balzers electron beam eva-
porated TiN coating the lowest wear resistance. Coating deterioration was also
found to be different from that observed in the DSRW test. Microcracking was
not observed on the coating surface. The higher hardness of the abrasives used,
the higher shear forces acting on the vicinity of the saw chain cutter tip, and
substrate (AISI 8660) softening possibly accounted for the performance of

titanium nitride coatings in the wood cutting testing.

More extensive evaluation of the coating deterioration in both tests is
recommended to realize a full understanding of these coatings and their

behavior in abrasive environments.
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1. INTRODUCTION

1.1 Ceramic Films

The ceramic coating market has been growing rapidly in the last decade.
The market for 1988 is valued at 310 million dollars, and is expected to grow
9.5 percent annually to 488 million dollars by 19931. Advanced ceramic thin
films, including nitrides, carbides, oxides and borides, are valued for their ther-
mal, wear and corrosion resistance, electrical insulation properties, high mag-
netic permeability and special optical properties2. These characteristics are use-
ful for a wide range of applications, such as decorative films on glass for archi-
tectural structures and automotives3, medical devices4, diffusion barriers for
microelectronic components®7 and solar cells®, as well as microelectronic pack-
aging?. |

Ceramic thin films are particularly promising in the microelectronic indus-
try. They possess a combination of electrical, thermal, mechanical, and dimen-
sional properties unmatched by any other group of materials. For example,
ceramic thin films have dielectric constants from 4 to 10,000, thermal expansion
coefficients matching silicon (30X107'/°C) or copper (170X 1077/°C) and ther-
mal conductivities ranging from one of the best insulators (such as glass-
ceramics, 5W/mK, formed by controlled crystallization of glass) to greater than

aluminum (220W/mK)%. Recent technological breakthroughs have opened the

door for high temperature ceramic thin film superconductors.




The current ceramic coating market is dominated by aerospace and cutting

« tool applications, which account for 85 percent of the market!. In the United
States, about 85 percent of carbide tools and 15 to 20 percent of tool steels are
coated with ceramic thin films, which enhance tool life by a factor of 2 to 10

H times and sometimes higher10)11,

# 1.2 Thin Film Deposition Techniques-PVD and CVD

Ceramic films can be classified as thin films, 1-10pm thick, and thick films,
10-1000pm thick. Thin ceramic films are deposited by two principal tech-
niques: chemical vapor deposition (CVD) and physical vapor deposition (PVD).

CVD may be defined as a reaction of volatile components at the surface of
a substrate with the formation of a solid surface layer (coating) and volatile
} reaction products. The reaction is controlled by the thermodynamic equili-

H brium which depends on vapor pressure and temperature. The reaction takes

place in a reactor which contains the substrate. The deposition of TiN by CVD
is normally done within the temperature range of 850°C to 1200°C. A typical

chemical reaction is as:

TiCl,, N,, H, - TiN, HCI,

in which titanium tetrachloride, nitrogen, and hydrogen are reacted in a furnace
chamber at high temperatures, forming titanium nitride on the substrate sur-

face and excess hydrochloric acid as reaction products.

PVD may be defined as the condensation of a flux of atoms, clusters of

atoms, or ionized particles on a substrate in a vacuum. The PVD processes




may be categorized (Fig. 1) as either evaporation or sputtering!213,

In the evaporation process [Figure 1(a)], vapors are produced from a source
material (titanijum when depositing TiN) which is heated by direct radiation,
eddy current heating, electron-beam bombardment, lasers, or an electrical
diséharge. The vapor consists largely of single atoms or clusters of atoms. The
process is usually carried out in vacuum of 10™*~107° torr (containing N, gas
when depositing TiN)!4, at which pressures the mean free path of a gas atom
(i.e. the average distance travelled before it suffers collision with another atom)
is of the order of 1 to 100m. As this is very much greater than the typical
chamber dimensions, an atom evaporating from a source will trave] in a straight
line prior to condensation on the substrate and so the process is essentially one
of line-of-sight transport!®. Except in those cases where ionization is present,

the energy of the vapor particles is merely that necessary for evaporationl4.

In the sputtering process [Fig. 1(b)], positive gas ions (usually argon ions)
produced in a glow discharge or neutral atoms (gas pressure 2X 1072 to
15x107° torr) bombard the target material (a titanium cathode when deposit-
ing TiN), dislodging groups of atoms that then pass into the vapor phase and

deposit onto the substrate.

Ionization assisted evaporation, also known as ion-plating, is in fact an eva-
poration process with the addition that a low pressure gas discharge is main-
tained during coating condensation (Fig. 2). In this process, the vaporized

material passes through a gaseous glow discharge on its way to the substrate,

with some of the vaporized atoms becoming ionized. The glow discharge is pro-




duced by biasing the substrate to a high negative potential (2 to 5 kV) and
admitting a gas, usually argon, at a pressure of 5X 107 to 0.2 torr into the
chamber. The substrate is bombarded by high-energy gas ions which helps to
remove gaseous impurities, which is desirable for producing better adhesion and
lower impurity content in the coating!®, Ionization assisted evaporation (Ion-
plating) was the first technique among the family of plasma (or ionization)-

assisted techniques.

The deposition rate of the sputtering process is lower (=0.1pm/min) than
that of the evaporation process where a deposition rate as high as 75pm/min
has been reported, and 2pm/min can generally be obtained!4. Sputtering is an
inefficient way to induce a solid-to-vapor transition. A typical yield for the
sputtering process is one atom for each 500 eV argon ion incident on the metal
surfacel®, The energy of the bombarding ions in the sputtering process is
sufficiently high to overcome the binding energy of any substrate lattice site and
so that the technique can be used for coating with a wide range of materials.
Thus, the source (also called ’target’) can be of an alloy or compound or even a
pseudo-alloy consisting merely of a mixture of the powdered constituentsl4.

The surface roughness of the coating produced by evaporation is generally

higher than that by the sputtering process.

Both evaporation and sputtering can be combined with additional chemical
reactions, gas discharge, and negative bias applied to some parts of the system.
Among these techniques, the plasma (or ionization) assisted technique has been
introduced into all commercial processes. Further information regarding pro-

cess physics and apparatus can be found elsewherel®-24, Figure 3 presents a




hierarchy of PVD processes?5. Available commercial PVD processes include
Magnetron Sputtering by Leybold-Heraeus (FRG), Arc Evaporation by Multi-
Arc (USA) and Electron Beam Evaporation by Balzers (USA/Leichtenstein)!2,
The Balzers company utilizes a system which incorporates an electron source
operating under medium vacuum conditions. Precise process details (beyond
their patent specifications) are not available for publication. In the USA the
technique currently favored for TiN deposition appears to be that based on arc
evaporationl2. An arc evaporation was reported to be able to generate a much
higher degree of ionization and hence higher deposition rate than other physical

vapor deposition processes?l,
PVD vs CVD

CVD is generally carried out at higher vapor pressures and higher tempera-
tures than PVD. Because of the high deposition temperature, an additional
hardening and tempering of tool steel substrates is usually necessary after CVD.
The deposition rate can be much higher for PVD (>0.1pm/min) than for CVD
(0.01~0.1pm/min). Hard compounds are formed with both processes. By
CVD, single, double, or triple layers are formed, such as TiC, TiC/TiN,
TiC/TiN/AlO,, and others. With PVD, in most cases, single layers of TiN are
deposited?®. Considering economics and operation, CVD is relatively low cost

and simple compared with PVD.

The formation of a deposit involves two steps:

(a) synthesis or formation of the species to be deposited and




(b) growth of the deposited after condensation.

In CVD, these two steps take place at the same time on the substrate
under a specific set of processing conditions. Hence, these two steps cannot be
independently controlled. On the other hand, in the PVD process, these two
steps are essentially independent of each other, and the process parameters for
each step can be separately controlled. Thus, one can control the rate of forma-
tion or the composition of the vapor species and independently choose the tem-
perature of deposition, which is a most important process variable since it, in
turn, controls the microstructure and mechanical properties of the deposit.
This feature, along with the ability of depositing a wide variety of materials,
illustrates the great versatility of the PVD process and its increasing appeal for
the future. Furthermore, with the PVD process, there are no effluents, such as
large amounts of gaseous products. This is a significant ecological and economic
factor, in view of long-term environmental concerns, in favor of PVD over
CVD, which justifies the generally higher capital equipment costs of the PVD

process!®.

In spite of all these advantages of PVD over CVD, the commercialization
of PVD has not occurred as rapidly as anticipated. The slower growth in
development is directly related to the technical problems associated with the
process control and the variability of coating microstructures and properties.

The main problems can be further listed as follows!2:

(a) repeatable deposition rate

(b) thickness variations




(c)

(d)
(e)
(f)
(8)

(b)

control of macroparticles (detrimental to the performance and surface

finish of components)

stoichiometry and phase non-uniformity (metal-rich nearer to the source)
preferred orientation control

ionization enhancement and heating

uniform bombardment and heating when components of different size are

being coated simultaneously
cooling problems.

Continued research is aimed at characterizing these coatings, increasing the

knowledge base, and developing the technology required to ensure the produc-

tion of reliable, reproducible, and cost-competitive ceramic coatings.

Research work conducted in the field of PVD thin film can be illustrated in

Figure 4, which can be categorized as:

(2)

the relationship between factors involving process parameters, such as gas
pressure, current density, applied power, metal to gas ratio, substrate tem-
perature, substrate bias, deposition rate, source to specimen distance, etc.,
and those involving coating integrity, microstructure such as grain mor-
phology, defect distribution and density, interface structure, stoichiometry,

phase constituent, thickness, residual stress, surface texture and

roughnesslsa 21,24, 26-46;

the relationship between factors regarding process parameters and those
concerning coating properties or performance, such as hardness, adhesion,

electrical and optical properties, wear and corrosion resistance,




etc.21)24,26,29,31-34,37, 45,47,

h (¢) the relationship between coating microstructures and properties or

performances?ls 26,29, 31-34,37, 45, 48-55

So far the majority of research work conducted in this field has been

related to the process parameters.

1.3 Selection of Coating Materials

A large variety of coatings can be grown by PVD processes. The criteria
for selecting a particular coating material depends on the substrate to be used
as well as the actual application. Thus, there is a need for a fundamental
understanding of both coating/substrate interactions and interactions between
the coating and its environment during use. Examples of parameters which
must be considered when selecting hard coatings are adhesion of the film to the
substrate, effects of both extrinsic and intrinsic stresses on the internal strength,
and the hardness of the coating. In many wear applications, severe constraints
are placed on the coating/substrate composite. For example, in cutting applica-
tions very high force and high temperatures develop in the vicinity of the cut-
ting tip or edge®®57. One most important requirement for a hard coating
would be that the coating adhesion to the substrate were sufficient to withstand

these forces.

Residual stresses are found in thin films and believed having a great
influence on coating adhesion®!'98-63, The internal stresses in thin films consist

of two components: intrinsic and extrinsic (thermal) stresses. The intrinsic




stress originates from the growth process as a result of ingrown defects or struc-
tural mismatch between film and substrate, while the thermal stress originates
from the difference in the thermal expansion coefficient of the film and the sub-
strate®!. Thermal stresses are an important consideration for coatings grown at
high temperatures, and can be either tensile or compressive but tensile stresses
are in general most damaging®6:57. The thermal stress in the coating after cool-
ing from the deposition temperature are tensile when the thermal expansion
coefficient of the coating material is larger than that of the substrate material.
Thermal expansion coefficients together with other parameters of some typical
coatings and substrate materials are given in Table 180:64, Both the thermally
generated stresses and those caused by the difference in elastic properties
between the coating and substrate should be made as small as possible by
choosing optimum coating substrate combinations. The intrinsic stresses can be
either tensile or compressive in nature depending upon the deposition

conditionst4-68,

These stresses result in an increase in the elastic strain energy stored in the
film, which acts at the coating/substrate interface where it may cause spalling
when it exceeds the interfacial fracture energy. High residual stresses can also
cause cracking in the film or the substrate, or cracking at the substrate coating
interface!®. The coating adhesion must be sufficiently high that the intrinsic
and extrinsic stresses do not result in delamination at the coating/substrate
interface. For films grown by CVD, a mixed interfacial zone generally develops
due to interdiffusion since high temperatures and low deposition rates are used.

This gives rise to a strong metallurgical bond resulting in high adhesion
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provided that no brittle phases are formed in this interfacial zone. During
PVD, which is normally carried out at much lower temperatures than CVD, a
graded interfacial zone can be formed either by specifically depositing an inter-
facial layer®3 or by using ion bombardment to promote collisional mixing at the

interface, leading to high adhesion84 67,

For PVD coatings grown at low temperatures, the adhesion can also be
improved by using substrates which are structurally similar to the coating
material. A structural and chemical matching between coating and substrate
results in a low interface energy and thus promotes high adhesion4?:%3. For
example, Helmersson etal.37, observed that as the surface density of MC-type
carbides in the substrate increases, adhesion increases. This is because MC
(a=4.18 angstrom) carbides have the same structure as TiN (NaCl B1), with a

lattice mismatch of only 1.6% with TiN (a=4.24 angstrom).

In many wear applications, the hardness of the coating is of primary
interest. For example, in abrasive wear applications the hardness of the coating
has to be higher than the hardness of the abrasive particles themselves®’. This
can be achieved either by choosing a coating material whose intrinsic hardness
satisfies the requirement or by modifying the microstructure of the coating so

that the desired hardness is obtained®4.

1.4 TiN

Ceramic coatings with good wear properties include TiC and TiN as well

as multi-layer coatings, such as TiC/AL,0,, TiC/TiN/Al,O,, and
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TiC/Al,O,/TiN!l. Among these TiN has been the most widely used commer-
cial ceramic for wear resistance applications. The most successful application
area for TiN so far is that of coatings onto various cutting tools. Thin films of
about 2-10pm are found to increase the tool life by many times®®. The use of
titanium nitride as diffusion barriers’ and solar cells8, for selective transparent
films and for high temperature photothermal conversion9:70 has also been

investigated.

In spite of the many application areas there is still a lack of knowledge of
how these films grow and of how the resulting structure and properties depend
on the growth conditions. Since the films are grown using different techniques
and process parameters, wide variations in growth conditions and thus in struc-
tures and properties exist. Many of the structural features reported were
obtained from X-ray diffraction and scanning electron microscopy (SEM) stu-
dies. Only limited microstructural information has been obtained by transmis-

sion electron microscopy (TEM) studies29: 32,33, 38,39,42,71

The Ti-N phase diagram (Fig. 5)4%72 shows that at room temperature,
stable phases vary from hexagonal a-Ti to tetragonal e-Ti,N (TiO2 type), to fec
3-TiN (NaCl type). The mononitride phase TiN is stable over a composition
range from N/Ti = 0.6 to N/Ti = 1. N/Ti ratios as high as 1.67 in thin films
have been reported’3 whereas the maximum bulk values reported are
N/Ti=1.1674. The TiN phase which has the NaCl structure has a lattice
parameter of 4.24 angstrom at the stoichiometric composition’4. Multi-phase
films containing €-Ti,N and o-Ti have also been reported40:43,73-75 The hard-

ness of bulk TiN is about 2000 Kg/mm276, whereas the reported thin film
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hardness varies markedly, ranging from 340 Kg/mmz to 4000
Kg/mm222' 24,25,28,32,33,64,73  The high intrinsic hardness can be related to
the high cohesive energy, short bond length and a high degree of covalent bond-
ingb4. The variation in hardness is possibly due to the hardness measurement
techniques employed?5, as well as thin film microstructure, stoichiometry,

defects, impurity and grain size84.

The grain size in TiN films, as determined from X-ray line broadening, is
generally below 1000 angstrom if the films are grown at temperatures below
approximately 600°C. The grain size depends on factors such as the substrate
temperature and ion bombardment which affect the growth parameters. An
increased substrate temperature leads to a higher mobility of adatoms during
growth and also to an increased migration of grain boundaries, factors that
both increase the grain size. If the films are exposed to ion bombardment dur-
ing growth, the grain size is normally found to decrease as the energy of the
ions is increased. A higher energy results in more defects generated in the sur-
face thereby increasing the number of preferential nucleation sites and thus

decreasing the grain sizef4.

Although extensive work has been performed on the wear behavior of
titanium nitride thin films prepared by PVD10:77-9¢ only limited work has been
conducted on coating deterioration mechanisms. The work conducted by
Fenske et al based on a lathe turning testd! and Hedenqvist et al with a pin-
on-ring laboratory testd indicated that coatings failed by the softening of the
high speed steel substrate and subsequent microfracture of the coating. How-

ever, Hedenqvist et af* also noted that the coating was removed by interfacial
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spalling when coated tools slid against austenitic stainless steel instead of plain
carbon steel. Clayton and Scholl’s work demonstrated the detrimental effect of
coarse nodules on the coating surface on the initial wear of an arc evaporated
titanium nitride coating8%. It was illustrated by Erdemir% that the rolling con-
tact fatigue (RCF) characteristics of a TiN-coated bearing steel varied with the

coating thickness under different load conditions.

It was shown by Rickerby®® that coating wear mechanisms varied with
coating thickness during abrasive wear. Thin coatings failed by localized
detachment of the film at the intersections of the plastic grooves formed by the
abrasive particles. Thick coatings supported the contact stresses elastically and
degrade by microchipping or polishing mechanism with little or no deformation
of the underlying substrate. Under severe abrasive wear (a non-resilient
vitrified wheel was used instead of a resilient wheel), thick coatings failed by a

cohesive fracture mechanism.

Bull®® found variation in coating wear mechanisms with deposition param-
eters such as substrate bias which, in turn, can alter the coating microstructure
and residual stress level. An ion-plated titanium nitride coating deposited
under low substrate bias which produced an open columnar microstructure with
low density and hardness degraded by microchipping. With increasing sub-
strate bias, much denser coatings were produced which resulted, initially, in
better resistance to abrasive wear through increased load support. However,
these improvements in coating microstructure resulted in higher levels of inter-
nal stress which gave rise in low adhesion, and eventually, led to a decrease in

wear resistance.
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These experimental results demonstrate that the coating wear mechanism
may vary with differences in deposition parameters, coating microstructure, sub-
strate materials and testing conditions. More extensive work therefore has to be
carried out before a thorough understanding of coating wear mechanisms can be

achieved.

1.5 Scope of This Study

Titanium nitride films deposited by physical vapor deposition (PVD) have
received a large interest as wear protective coatings. These coatings are now
commercially available with the major application being on various types of
metal cutting tools25:31,48,49,77,83,84,91,95,96  Ope of the inherent advantages
of PVD over other techniques, such as chemical vapor deposition (CVD), is its
low deposition temperature!’s25, This is particularly useful when substrate
softening and distortion must be controlled. In spite of these advantages and
successes, the mechanisms by which these surface coatings fail or degrade are
poorly understood, and the interrelationship between the coating microstructure

and tribological behavior has not been established.

For many years, the life of saw chain cutters in professional logging opera-
tions has been dependent upon the benefits derived from chromium plated
clearance faces?”. Klamecki, in a comprehensive review of the wear of wood
cutting too!l in 197998 indicated that abrasion was the primary wear mechanism

of most wood cutter edges, later confirmed by Scholl and Clayton’s work based

on a field test®”. A PVD TiN coated tool might be expected to exhibit a longer

R e e E—y
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life than a chromium-plated one as titanium nitride (Vickers-hardness 2000) is
much harder than chromijum (1100 HV,y). A long term environmental concern
is also an important factor in considering the PVD technique as an alternative
for electroplating technique. Potential hazards that attend the chromium-
plating process are associated with various chemicals used in (a) acid and alka-
line cleaners, (b) vapor degreasers, and (c) the chromium plating bath. The
mixing of certain of these chemicals can result in a violent reaction. Addition-
ally most are toxic poisons. Chromic acid waste has to be either recovered or
destroyed depending on the cost and space requirements. Strict regulations are
being enforced by state and federal authorities regarding the allowable limits
for chromic acid waste that are dumped into rivers, lakes, and sewage disposal
systems. However, there is no such waste to be handled when depositing TiN

with PVD process!3.
The purpose of this experiment is to

1. investigate the abrasive wear behavior of commercial titanium nitride coat-
ings.

2. seek alternatives for hard chromium coating prepared by electroplating on
saw chain cutters.

This study examined the tribological characteristics of thin films by Dry
Sand Rubber Wheel (DSRW) and wood cutting tests. In the present experi-
ments, titanium nitride coatings were commercially prepared by two companies,
Balzers Inc. and Multi-Arc Inc. Both companies use evaporation techniques.

Balzers, however, uses an electron beam while Multi-Arc uses an arc to eva-
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porate source materials. For comparison and analysis regarding to coating wear
resistance and degradation mechanisms, samples were also commercially electro-

plated with hard chromium (by Precision Tool for DSRW test and Omark

Industries for wood cutting tests).

As an initial objective of this program was to examine the use of the PVD
titanium nitride coating as a replacement for chromium coating on saw chain
cutters (Fig. 6), wood cutting testing was performed using a lathe-based labora-
tory testd9. DSRW test was selected since it is one of the simplest laboratory
abrasive testing methods. Although both tests can be considered as abrasive,
the wood cutting test is more severe than DSRW test as more constraint, higher
loads and harder abrasives were applied. In addition to the investigation of
coating wear behavior, surface and cross-section metallurgical characteristic
evaluation by SEM, coating microstructure examination by TEM, phase consti-
tuents and surface orientation determination by X-ray diffraction, coating

stoichiometry by XPS, residual stress analysis and surface roughness measure-

ment were attempted to assess the properties of the titanium nitride coatings.

PR RN e
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2. EXPERIMENTAL

2.1 Substrates

For the DSRW abrasive test three types of materials were used as the sub-
strates: (1) high speed steel (standard tool material manufactured as lathe
cutoff tools) which was in the as-received quenched and tempered condition,
before being deposited with titanium nitride; (2) O1 tool steel which was in the
as-received quenched and tempered condition, before being deposited with
titanium nitride; and (3) AISI 1095 steel which was hardened before being depo-
sited with hard chromium. The size of the coupons for DSRW was
1"X3"x1/4".

For wood cutting tests a single type of material was used. As-received saw
chain cutters made of 8660 steel were austempered before being deposited with
titanium nitride and chromium coatings. The geometry of as-received saw

chain cutters is shown in Figure 6.

Chemical analysis of substrate materials was conducted by ESCO, a local
steel company. The compositions of all the substrates tested in this experiment
are listed in Table II. The hardnesses of substrates were also tested before and

after coating deposition.
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2.2 Coating Deposition

Samples made of HSS for the DSRW test and saw chain cutters made of
8660 for the wood cutting test were deposited with titanium nitride coatings by
two commercial companies, Balzers and Multi-Arc. As mentioned in the previ-
ous chapter, both companies use evaporation sources, with the difference that
Balzers uses an electron beam while Multi-Arc uses an arc to evaporate the
titanium source material. Coupons made of Ol tool steel for DSRW test were
also sent to Multi-Arc for titanium nitride deposition.

Samples made of 1095 for the DSRW test were electroplated with hard
chromium by Precision Tool, a commercial company, while saw chain cutters
made of 8660 for the wood cutting test were coated with hard chromium by

Omark, the manufacturer of the saw chain cutters.

Table III lists substrates used and the commercial companies.

2.3 Coating Structural Characterization

Coating surfaces and cross-sections were evaluated using a JEOL JSM-35
Scanning Electron Microscope. Samples for evaluation were sectioned normal to
the coating surface of the coupons for the DSRW test and to the clearance face
of saw chain cutters for the wood cutting test. They were thoroughly cleaned
and nickel plated before being mounted. To get the best cleaning effect before
nickel plating, samples were first ultrasonically cleaned in a solution of acetone

and ethanol for about 5 minutes. They were then put into a solution of hot

P Ry
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sodium hydroxide for 15 minutes to remove the surface oxides. NaOH particles
were dropped into water contained in a beaker set on a hot plate at a warm
temperature for about 15 minutes before samples were put in. In this way, the
NaOH was completely diluted by the water. The samples were then cleaned in
the flowing water for one minute and immediately put into the nickel plating
bath to avoid any oxidation in the air. In the final step of sample polishing, the
coating surface was held perpendicular to the wheel rotation. This step should
not last more than 30 seconds for edge retention. Sample thicknesses were

measured by observations of the polished cross-section in the SEM.

Slices 3 mmX3 mmX0.5 mm for TEM work were cut parallel to the coat-
ing surface from HSS coupons (1"X3"x1/4") used in the DSRW test. They
were glued onto a 1 ¢cm (height)X1 cm (diameter) glass base with the coating
side facing the glass. They were ground with #600 SiC metallurgical grinding
paper from the substrate side until about 30m thick. The samples (still glued
on the glass) together with the glass base were put into a solution of 10%brom-
ine and methanol until the substrate was dissolved. The high speed steel sub-
strates and titanium nitrides films could be distinguished according to their
colors. The former showed black in the solution while the latter always showed
bright yellow. A free standing titanium nitride film could be finally obtained
after the epoxy between the glass and the film was dissolved. This was done by
putting the glass base with the film on it onto a filter paper which was then
rinsed with acetone. The free standing films were thinned until perforated by
argon ion milling for observation under TEM. The ion-milling machine (ION

TEC B306) was manipulated at an acceleration voltage of 4 ~ 6 kV, target
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current of 0.2 ~ 0.8 mA and ion beam incident angle of 15°. A Hitachi H800
Scanning Transmission Electron Microscope was operated using an acceleration
voltage of 200 kV. Some samples were so thin that they could be directly put

into TEM for observation without being ion-milled.

Coating Stoichiometry (by XPS)

Coating stoichiometry was analyzed by a Kratos XSAM-800 Multitechnique
surface analysis system (Arburn University). The equipment was operated with
a total X-ray power of 300 W and incident X-ray current of 50 nanoamps. Mg

K, (1253.6 €V) was used for exciting radiation and a non-monochromatized

dual anode was employed as X-ray source.

Phases and Surface Texture (by XRD)

Bar coupons for DSRW were sectioned into sizes of 1X1 em? for X-ray
diffraction analysis. Both sides of titanium nitride plated samples were exam-
ined using SIEMENS D500 Powder X-ray Diffractometer. CuK (A = 1.542
angstrom) radiation was used. The machine was operated at a scanning speed
of 0.01°/sec, power of 40kVX3.18A and a scanning angle ranging from 30° to
130°.

Residual Stress Analysis

Qualitative analysis on the state of residual stresses in the thin films was

attempted using observations of the film shape after the HSS substrate was dis-
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solved. Sample preparation was same as that for TEM work. As the residual
stresses relax without the restraint of the substrate, the thin film will twist
when its substrate is dissolved. When viewed from the substrate side, convex
films indicate the existence of compressive stresses while concave ones indicate

the opposite.

Surface Roughness

The surface roughnesses of bar coupons for DSRW test were measured by a
surface roughness tester (Mitutoyo Surftest 401). A cutoff length of 0.25pm

and frequency of 5 were used.

2.4 Dry Sand Rubber Wheel Test

Figure 7 shows a schematic diagram of the test apparatus. Except for the
number of wheel revolutions, all the testing conditions followed the ASTM G65
procedure C1%0, ASTM procedure uses a fixed one hundred revolutions. Test-
ing was performed at a wheel rotation speed of 200 rpm and normal load of
130N. AFS 50/70 (sizes 212 ~ 300p.m)!%0 silica sand (hardness = HV 800) was
used as the abrasive with the sand flow rate controlled between 250 and
350g/min. The diameter of the rubber wheel (=9") was measured periodically
during the test. In order to obtain more data and observe the coating
deterioration phenomena during the wear process, samples were unloaded from

the test apparatus after intervals of 5 to 10 wheel revolutions (about 12 to 25 ft

of path length) in the initial stages of testing, and at longer intervals later.
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They were cleaned ultrasonically in a mixed solution of acetone and alcohol and
dried immediately prior to weighing after each interval. A balance (METTLER
AFE240), which has a sensitivity of 1><10—4gm in the range of 200 gm and
1% lo‘sgm in the range of 40 gm, was used for weight measurement. For each
sample, the test continued until the coating on it was completely removed and a
linear wear rate was observed. The wear resistance was evaluated by weight
loss plotted against path length which was converted from the number of wheel
revolutions. The wear surfaces of the testing samples were recorded by a scan-

ning electron microscope.

To evaluate the reproducibility of the testing, A588 mild steel was tested

prior to and during the tests on coated samples.

2.6 Wood Cutting Test

Figure 8 is a photograph of the lathe-based testing apparatus. Wood rota-
tional speed was fixed at 630 rev/min for all tests. The cutters were held in the
. machine to enable cutting to take place perpendicular to the lathe axis (cross-
feed mode) at a cross-feed speed of 0.00375 in/rev. Longitudinal movement
(longitudinal mode) was controlled manually. The actual linear cutting speed
varied with the wood diameter, 500-920 ft/min, as cutting progressed in the
cross-feed mode. A commercial coolant sprayer was used to spray the wood
with a solution of 1 wt%Al,0, (LECO optical finishing powder, sizes = 5um
and hardness = HV 2000) in water to simulate field environment of wet wood-

cutting?®. Douglas Fir, 6"X6" quartersawn heartwood, was obtained from a
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local lumber yard. They were turned from the square stock into rounds of
approximately 5.3 inch diameter for use in the test. For cutting in the cross-
feed mode, the starting and finishing diameters were measured and a count was

99 was employed to cal-

made of the number of cuts. A short computer program
culate the total path length, taking it to be a series of concentric rings, each
smaller than the previous one by twice the feed rate. After each interval,
approximately 5,000 ft of cutting path length, the cutter was removed and
cleaned for weight measurement by a balance (METTLER AE 240) and exami-
nation of the cutting edges and tips by SEM. The cumulative weight loss for
each of the test cutters was plotted versus cutting path length and the wear

resistances were evaluated by weight loss. Three cutters of unplated and plated

by each coating type, Cr, TiN from Balzers and TiN from Multi-Arc were

evaluated.
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3. RESULTS

3.1 Substrate Hardness

The hardnesses of substrate materials before and after coating deposition
are listed in Table IV. The high speed steel used in DSRW test showed little
change after titanium nitride coating deposition. The hardness of O1 tool steel
for the DSRW test was decreased from HRC 60.0 before titanium nitride coat-
ing deposition to HRC 52.5 after the deposition. The hardness of 8660 for wood
cutting test was not altered after chromium coating deposition. However, it
dropped from HRC 53.6 before coating deposition to HRC 51.6 after titanium
nitride coating deposition by Multi-Arc and to HRC 47.6 after titanium nitride

coating deposition by Balzers.

3.2 Coating Structural Characteristics

Cross-sections

Figure 9 shows the cross-sections of some specimens for DSRW test: (a)
sample cut from TiN-coated HSS (coupon #H3) by Multi-Arc (= 0.7pum thick),
(b) sample cut from TiN-coated O1 tool steel (coupon #02) by Multi-Arc (=
1.4pm thick), (c) sample cut from TiN-coated HSS (coupon #H9) by Balzers (=
2.0pm thick), and (d) sample cut from Cr-coated 1095 (coupon #C1) by Preci-

sion Tool (= 10.4pm thick). The thickness of bar coupon #H7 coated with
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TiN by Balzer was approximately 2.4pum in one side and 0.5pnm in the other
side. Samples cut from HSS bar coupons coated by Multi-Arc were found to

have the same thicknesses on both sides.

The cross-sections of saw chain cutter clearing face were examined by
SEM. The coating thicknesses at those positions ranged from 1.9 to 2.1um for
the cutters coated with titanium nitride by Multi-Arc, 1.0 to 1.5um for the
cutters coated with titanium nitride by Balzers and 9pm for the cutters coated

with chromium by Omark.

Microstructures by TEM

Free standing thin films were obtained after their substrates were dis-
solved. Very thin films (= 0.5um) without substrates were extremely brittle
and in many cases were broken into many tiny pieces. These small pieces were
stuck on to copper holders and directly put into TEM for observation. Figure
10(a) is a bright field photograph taken of a film with 0.5 pm thickness from a
TiN-coated HSS (coupon #H7) by Balzers. The picture shows sharp grain
boundary along which no defects such as voids reported by Hibbs and Sundgren
et al were observed. Figure 10(b) is a bright field photograph taken of a sam-
ple from a TiN-coated HSS coupon (#H1) by Multi-Arc. No details can be seen

due to the poor image quality.
Free standing thick films without substrates or films with substrates

ground to thickness less than 15um were attempted to be thinned by ion-

milling but no useful samples were obtained. The films under ion bombard-
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ment warped.

XPS

The intensity peak area ratio of Ti/N was 4.17 for the thin TiN coating
from Balzers, 3.97 for the thick coating from Balzers, 3.70 for the coating from

Multi-Arc. No direct atomic ratio of Ti/N was obtained.

XRD

Figure 11 is the X-ray diffraction diagrams on the bar coupons coated with

TiN by Multi-Arc and thick TiN by Balzers which showed the following results:

(1) titanium nitride coating (thick side) from Balzers and titanium nitride coat-

ing from Multi-Arc had a strong 111 orientation.

(2) dTiN was the only phase constituent in both types of titanium nitride

coatings.

Upon realizing the difference in coating thickness on the two sides of bar
coupon for DSRW test, both sides of TiN-coated HSS coupons by Balzers were
analyzed by X-ray diffraction. Figure 12 is an example of X-ray diffraction
diagram from bar coupon #H7. A higher TiN peak than that of a-Fe in one
side indicates a thicker coating and lower TiN peak than that of a-Fe in the
other side means thinner coating. Except .for one coupon (#H9), which had
approximately same thicknesses in both sides, all the rest of four bars from

Balzers were found to have different thicknesses on each side, based on XRD

results.
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Residual Stress

The free standing films from Balzers without substrates appeared concave
when viewed from substrate side. This was an indication of tensile stress.
However, the films from Multi-Arc showed the opposite result, i.e., compressive

stress.

Surface Roughness

Table V. lists the result of surface roughness measurement on the bar
coupons. Two batches of commercial high speed steel were used as the sub-
strate materials coated with titanium nitride by Balzers and Multi-Arc respec-
tively. Before deposition, the roughness values of the substrate which was later
coated by Balzers were higher (Ra=0.57, Rmax=4.3) than those by Multi-Arc
(Ra=0.41, Rmax=23.2). After deposition, their roughness values showed little
change (Ra=0.56, Rmax=4.4 for the substrate coated by Balzers and Ra=0.43,

Rmax=3.6 for the one coated by Multi-Arc).

3.3 Dry Sand Rubber Wheel Testing

3.3.1 Apparatus Calibration

Before DSRW tests on coatings, three samples made of mild A588 steel
were tested following ASTM procedure B (2000 rev.). The coefficient of varia-
tion (v) was 3.27% which was acceptable (< 5%) according to ASTM stan-

dards. During the wear testing, five samples made of mild steel A588 were
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tested following ASTM procedure C (100 rev.). The coefficient of variation (v)

was 1.88% which was also acceptable (< 5%).

The DSRW test results of the coatings are composed of two parts: weight
loss versus path length plot indicating the ranking of coating wear resistance
and SEM photos showing coating deterioration phenomena during the wear pro-

cess.

3.3.2 Weight Loss vs Path Length

Weight loss vs path length for less than 300 ft of path length is shown in
Figure 13. TiN-coated HSS samples by Balzers were divided into two groups:
thin TiN-coated (= 0.5um) and thick TiN-coated (= 2.0pm). It is seen within
this range that the thick TiN-coated HSS from Balzers had the highest wear
resistance while the thin TiN-coated HSS from Balzers, thin TiN-coated HSS
from Multi-Arc, and Cr-coated 1095 had the second highest wear resistance, the

TiN-coated O1 tool steel had the lowest wear resistance.

Results for the total path length of 1000 ft are shown in Figure 14. The
thick TiN-coated HSS from Balzers exhibited the highest wear resistance, thin
TiN-coated HSS from Balzers and TiN-coated HSS from Multi-Arc had the
second highest wear resistance, the Cr-coated 1095 from Precision Tool the next
highest, and the TiN-coated O1 from Multi-Arc had the lowest wear resistance.
Thick TiN-coated HSS from Balzers, TiN-coated O1 from Multi-Arc and Cr-

coated 1095 from Precision Tool showed transition points {change of slope) in
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the plot while others did not.

3.3.3 Coating Degradation Development

Cr-coated 1095 by Precision Tool

Figures 15(a) and (b) show the Cr coating surface before and after 8 ft
path length of wear testing. The surface has a nodular appearance with cracks
distributed all over it before testing. The top portions of those nodules on the
coating surface were removed after 8 ft path length of wear process [Figure
15(b)]. The coating surfaces after 14 ft, 49 ft and 235 ft path length of wear
testing are shown in Figure 16. Surface cracks distributed over the coating sur-
face before testing [Fig. 15(a)] did not show any propagation. The coating was

completely removed from its substrate at about 235 ft path length [Fig. 16(c)).

TiN-coated HSS by Multi-Arc

Many macroparticles, 4um to 10pm in diameter, were observed dispersed
on the surface of the TiN-coated HSS by Multi-Arc [Fig. 17(a)]. After 9 ft path
length of wear testing, microcracks perpendicular to the direction of abrasive
flow (from left to right in all the following SEM photos) can be seen on the
coating surface [Fig. 17(b)]. Many areas of coating were removed from the sub-
strate after 12 ft path length [white in Fig. 18(a)], and more coating was

removed after 47 ft path length [Fig. 18(c)]. High magnification photos show

microcracks on the areas of coating [Fig. 18(b)] and fragmentation of those
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microcracked areas [Fig. 18(d)]. The majority of the coating was removed after

a 63 ft path length (Figure 19).

TiN-coated O1 by Multi-Arc

The wear characteristics of a TiN-coated O1 tool steel by Multi-Arc were

similar to those for the HSS substrate coated with TiN by Multi-Arc.

Thick TiN-coated HSS by Balzers

A small quantity of macroparticles was observed distributed on the surface
of thick TiN-coated HSS by Balzers [Fig. 20(b)]. Some white spots can be seen
on the coating surface after 7 ft path length of wear testing [Fig. 20(c)]. A high
magnification photo of these spots shows a pit with microcracks at the leading
edge where the macroparticle originally was before the test [Fig. 20(d)]. Those
areas of coating removal were enlarged along the abrasive sand flow direction
[Fig. 21(a)] after 73 ft path length. High magnification photos show micro-
cracking along the edges of coating removal areas [Fig. 21(b)] and fragmenta-
tion of those microcracked areas [Fig. 21(c)]. Many areas of coating were
removed after 350 ft path length of wear testing [Fig. 22(a)]. However, a
majority of the coating was not removed until 583 ft path length [Fig. 22(c)].
Figure 22(b) show the leading end of a long groove where coating had been
completely removed after 235 ft path length of wear testing. Microcracks can

be seen along the edges of this groove. The areas of coating other than the

groove showed a smooth appearance.
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Thin TiN-coated HSS by Balzers

Figure 23(a) shows the the surface of a thin TiN-coated HSS by Balzers
before wear testing. Overall, microcracks can be seen on the coating surface
after 9 ft path length of wear testing [Fig. 23(b)], which are similar to the

features seen on the Multi-Arc coating [Fig. 17(b)].

3.4 Wood Cutting Test

The wood cutting test results consist of two parts: data relating weight
loss to path length, showing the ranking of coating wear resistance, and SEM

photographs illustrating the coating degradation phenomena.

3.4.1 Weight Loss ve Cutting Path Length

A plot of weight loss vs cutting path length is shown in Figure 24. It can

" be seen that the ranking of wear resistance from the highest to the lowest is as

follows: Cr-coated saw chain cutters made of 8660, TiN-coated by Multi-Arc,

TiN-coated by Balzers, and the un-coated cutters.

3.4.2 Coating Degradation Development

The tips of the tested cutters, un-coated, Cr-coated (Omark), TiN-coated

(Multi-Arc) and TiN-coated (Balzers) before wear testing are shown in Figure
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25. Figure 26 displays the cutter tips after 5,000 ft of total cutting path length.
The Cr-coated cutter [Fig. 26(b)] did not show any observable wear scars while
the TiN-coated cutters exhibited narrow strips along the cutter edges where the
coating had been completed removed [Fig. 26(c) and (d)]. Figure 27 shows the
cutter tips after a total path length of 35,000 ft. The width of those strips were
observed to be different for the different cutters, with the Cr-coated cutter
being the narrowest [Fig. 27(b)], the TiN-coated from Multi-Arc the second in
width [Fig. 27(c)] and the TiN-coated from Balzers the widest [Fig. 27(d)].
Compared with Figure 25, Figure 28 is a higher magnification photograph of
cutter edges before wear testing in which machining burrs can be seen. Figure
29 shows the cutter edges after 5,000 ft of cutting path length. The burrs seen
in Figure 28 had been removed. Very fine grooves can be seen on the cutter
surfaces indicating material removal and abrasive flow direction (Fig. 29).
Coatings were removed from the cutting edges of the TiN-coated cutters |Fig.
29(c) and (d)] while the Cr-coating still remained on the cutter edge [Fig. 29(b)]
of Cr-coated cutters. Figure 30 shows the transition between coating areas and
areas of coating removal after a total path length of 35,000 ft. Straight, fine
grooves crossed the transition region on the Cr-coated cutters [Fig. 30(a)], while
irregular areas of coating removal and sharp coating edges could be seen on the
TiN-coated cutters. The cross-sections through the cutter clearance face are
depicted in Figure 31, which shows a smooth profile on the Cr-coated cutter
[Fig. 31(a)] and sharp edges on the TiN-coated cutters [Fig. 31(b) and (c)]. It
also can be seen that the thickness of Cr coating is much greater than that of

the TiN coatings.
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4. DISCUSSION

4.1 Thickness Measurement

The coating thicknesses were measured by SEM with results obtained on
several samples. The coating thicknesses may vary from where the sample for
evaluation was removed and measurements made. The thickness measurement
by SEM was not precise. The results of thickness measurements, therefore, can
only be taken as being relative to each other. The coupons #H1 (HSS) and
#0O2 (tool steel) were sent together in the same batch to Multi-Arc for titanium
nitride coating deposition. Their thicknesses, nevertheless, were different with
the former [= 0.7 pm, Fig. 9(a)] having a thinner coating than the latter [= 1.4
pm, Fig. 9(b)]. These results and those presented in section 3.2 demonstrate
that coating thicknesses can vary from company to company, from batch to
batch, from sample to sample, and from side to side in a single sample. Some
of the thickness variation of those commercial coatings can be considered as
reasonable for the deposition process. As the transportation of vaporized parti-
cles is that of line-of-sight, the samples which face and are close to the source
will be expected to have a greater thickness than others. This is a technical

problem associated with the commercial PVD coating deposition and has not

been solved thus far.
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4.2 Weight Loss Measurement

The weights of both bar coupons for DSRW test and saw chain cutters for
the wood cutting test were measured by a balance which has a sensitivity of
1x10™* gm in a 200 gm range (used for measuring bar coupons) and 1x10°°
gm in a 40 gm range (used for measuring saw chain cutters). The balance can
be considered reliable. However, there were some factors which had an
influence on weight loss measurement. For example, it was found that a mag-
netic field existed in both bar coupons and saw chain cutters after coating depo-
sition, which made the weight measurement vary with each repetition for the
same sample. This might be account for the weight increase shown in Figure
13. Except for a few samples in the preliminary test (data points in the range
of less than 50 ft path length), all the other samples in subsequent tests, includ-
ing the wood cutting test, were demagnetized before testing. Another factor
which might give rise to data scatter is possible variations in the cleaning of the
specimens. The solutions normally used for ultrasonic cleaning such as BRAN-
SON formulated cleaning concentrate for oxide removal, were found to either
adhere to the specimens or they caused sample corrosion. A solution of half
acetone and half alcohol was found to have the best cleaning effect. The sam-
ples after ultrasonic cleaning should be thoroughly dried by a blower for 5
minutes and left in the air for another 15 minutes. Environmental factors such
as air moisture and room temperature also had an effect on weight measure-

ment which was particularly significant for the saw chain cutters as their weight

loss was very small in the first 5,000 ft path length (~ 10X 107" gm). Over-
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night weight measurements were not comparable.

4.3 Wear Resistance Evaluation

DSRW Test

The weight loss of the TiN-coated HSS by Multi-Arc and thin TiN-coated
HSS by Balzers followed a linear relationship with path length, Figures 13 and
14. It was known by observation of the specimen surfaces that the TiN coating
from Multi-Arec was completed removed at about 63 ft path length. Thus the
weight loss of the TiN-coated HSS by Multi-Arc over 100 ft path length was
actually due to the wear of its HSS substrate. A similar situation was found in
the thin TiN-coated HSS by Balzers. A transition period, shown by a change of
slope in the weight loss vs path length curve, can be observed for the thick
TiN-coated HSS by Balzers, Cr-coated 1095 by Precision Tool and TiN-coated
O1 by Multi-Arc. Figure 22(c) indicates that a thick TiN coating on HSS from
Balzers was removed after 583 ft path length, which corresponded to the transi-
tion period (Figure 14). The data points beyond 583 ft followed a straight line
which had the same slope as the curves for TiN-coated HSS by Multi-Arc and
thin TiN-coated HSS by Balzers with their coatings removed; and thus
represented the HSS substrate wear. Similar cases were found with the TiN-
coated O1 by Multi-Arc and Cr-coated 1095 by Precision Tool. This suggests

that all wear after the transition period was due to the wear of substrates.

The TiN coating from Multi-Arc had the same magnitude of thickness (=

0.7 pm) and showed similar performance as that of the thin TiN coating from
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Balzers (thickness = 0.5 pm), which indicated that the thin TiN coating did
not perform better than the HSS substrate. The weight loss before the transi-
tion period (< 583 ft) for the thick TiN-coated HSS by Balzers represented the
wear of TiN while that before transition period (<300 ft) for the Cr-coated
1095 was due to the wear of Cr coating. Comparison of these two periods indi-

cated that TiN coating had a higher wear resistance than the Cr coating.

Wood Cutting Test

Figure 25 shows saw chain cutter tips with and without coatings before
wear testing. After 5,000 ft path length of wood cutting test, narrow strips
were formed along the edges of some cutter tips [Fig. 26 (¢) and (d)]. They
were further enlarged after 35,000 ft path length (Fig. 27). These strips were
the areas where coatings had been removed. The greater the area, the lower
the wear resistance. It can be seen based on the areas of coating removal in
Figures 26 and 27 that the Cr-coated saw chain cutters had the highest wear
resistance, the TiN-coated by Multi-Arc the second highest, the TiN-coated by
Balzers the third highest, and the un-coated the lowest. This order of ranking
was different from that of DSRW test. The TiN coatings had been removed
from the cutting edge after a test interval of 5,000 ft (Figure 26). However, the
thickness of the TiN coatings on the cutters was much smaller (1.3 pm ~ 2.1
pm) than that of the Cr coating (9 pm). It thus can not be concluded that in
general a Cr coating performs better than a TiN coating of similar thickness.

To solve this either a test interval of less than 5,000 ft would have to be used or

coatings would have to have the same thickness.
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Thickness Effect

The DSRW test results showed that thin TiN coatings did not perform
better than HSS and a hard Cr coating in terms of wear resistance. This sug-
gests that a minimum coating thickness is required if the TiN coating is used
for wear resistance applications in an abrasive environment similar to DSRW
test. The thicknesses of those TiN coatings (1.3 ~ 2.1 pm) were also smaller
than that of Cr coating (= 9 pm) on saw chain cutters. It was observed in the
wood cutting test that the TiN coating from Multi-Arc had a thickness of about
2 pm and a slightly higher wear resistance than that from Balzers which had a
thickness of about 1.3 pm, which again, illustrated some kind of thickness
effect. Hence it is strongly recommended for further tests that different types of
coatings to be tested be deposited with the same magnitude of coating thick-

ness, or a single type of coating with a range of thicknesses.

4.4 Sample Preparation for TEM

Samples were prepared for TEM examination but limited results were
obtained. Details regarding the preparation procedure and problems are dis-

cussed in this section.

The solution of bromine and methanol was found to be able to etch the
TiN films, although at a slower rate than the dissolution of the HSS substrates.

The TiN coating from Multi-Arc was found to dissolve as soon as the substrate

was dissolved, and thus was believed to be less corrosion resistant than the TiN
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coating from Balzers. The specimens, which were in the form of slices, were
glued with epoxy to a glass base, with the coating next to the glass. They must
be checked frequently so that the coating would not be dissolved after the sub-
strate was dissolved. Great care must be taken in handling as well, as the thin
films were very brittle and easily broken. Free standing thick films and films
with substrates which had been etched very thin were found to twist during the
ion-milling thinning process, possibly due to residual stress redistribution under

the ion-bombardment in the ion-milling process.

4.5 Coating Degradation

The wear grooves shown in the Figures 15(b), 16, 27(b), 29(b) and 30(a)
suggest that the Cr coating degraded by a progressive material removal in both
DSRW and wood cutting tests. These may be described as the result of groov-
ing or abrasive wear. The observation made from this work is in agreement

with those of Clayton and Scholl?? and others9.

In the DSRW test, the common feature of all TiN coatings was microcrack-
ing of the coating, although the extent was different between thick and thin
coatings. The degradation of a thin coating started with overall microcracking
in the abraded region. The fragments were finally removed from the coating
surface by the flowing abrasive particles. Thick coating degradation started
from the removal of macroparticles from the coating surface. These areas of

macroparticle removal were further enlarged by a microcracking process along

their edges and subsequent fragmentation of those microcracked areas. The
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disadherence process in both thin and thick TiN coatings could be considered a
spalling process which occurred both within the coating and at the
coating/substrate interface. Spalling, therefore, can be considered the dominate
wear characteristic. However, the smooth appearance on the coating surface
where no macroparticle [Figure 22(b)] was present indicates that a micropolish-

ing process partially accounted for the coating deterioration.

No microcracking was observed in the coating areas which remained on
saw chain cutter edges [Figures 29(c) and (d), 30(b) and (c)] in a wood cutting
test. Instead, observation suggested that the TiN coatings deteriorated by a
disadherence process at the coating/substrate interface. In addition to the
thickness effect discussed before, the high shear force acting in the vicinity of
saw chain cutter tips?9, substrate softening after TiN coating deposition (shown
in Table IV), and the higher hardness of alumina abrasives (HV 2000, the same
as TiN) are considered as factors responsible for the wear behavior of TiN coat-
ings during wood cutting test. Different substrate materials and abrasives were
used in the two wear tests, with the HSS and silica abrasive in the DSRW test,
and the 8660 steel and alumina abrasive in the wood cutting test. The TiN
coatings at the cutter edge had been removed after a test interval of 5,000 ft
while apparent Cr coating removal (strips) was observed at the cutter edge after
35,000 ft. More extensive work is therefore needed before any conclusion can be

made. For further wood cutting tests, a silica abrasive, and a shorter test inter-

val of less than 5,000 ft, are recommended.




40

4.6 Stoichiometry, Phase Constituents and Surface Texture

Results of XPS for coating composition, X-ray diffraction analysis regard-
ing to coating phase constituents and surface texture, are discussed in this sec-

tion.

The intensity peak area ratio of Ti/N was 4.17 for the thin TiN coating
from Balzers, 3.97 for the thick TiN coating from Balzers and 3.70 for the coat-
ing from Multi-Arc. The result indicated that the ratio of Ti/N was slightly
higher for the TiN coating from Balzers than the one from Multi-Arc. It is

recommended that further Auger work be performed for a quantitative result.

Both types of titanium nitride coatings were consisted of single phase TiN
(Figure 11). Preferred orientations are generally observed in ceramic films, such
as 111, 200 and 22024-26,34,73,81,101,102 [, the present experiment, strong 111
orientations were found in both types of TiN coatings by X-ray diffraction (Fig-
ure 12). The result was in agreement with the majority of observations accord-

ing to a comprehensive review by Sundgren’3.

4.7 Residual Stress

Compressive  stresses were often reported in ceramic thin
films?2%,51,58,64,103 ' 14 was found that a tensile stress existed in the TiN coating
from Balzers (both thin and thick), and compressive stress in the TiN coating

from Multi-Arc. TiN has a thermal expansion coefficient of 9.35X 107°k !

while that of HSS is about 13. Compressive thermal stresses, hence, would be
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.

expected in both kinds of coatings when the coated HSS substrates were cooled
down from the deposition temperature to room temperature. As no detailed
information about the deposition process was provided, it is not known how the

tensile stress in the coating from Balzers was developed.

4.8 Macroparticles

Macroparticles have been reported on the evaporated TiN coatings and
have been found to be very detrimental to the coated tool life1,31,48,85  Coat-
ings deposited by a modified evaporation process, where little or no macroparti-
cles were present, showed a great reduction of wear compared with those coat-
ings prepared by an unmodified evaporation process3!,48. However, no report
has been published about how these particles influence the coating deteriora-
tion. In the present work, macroparticles were observed on the TiN coatings
from both Multi-Arc [Figure 17(a)] and Balzers [Figure 20(b)]. They were found
to initiate the coating removal in the thick TiN coating from Balzers [Figure
20(c) and (d), and 21(a)]. No effect of these particles on coating degradation
was observed in the thin TiN coatings from both companies, possibly because

the coating was removed so quickly.

4.9 Deposition Techniques

No significant difference in microstructures, chemistry, and wear perfor-
mance, other than thickness, was found between an arc-evaporated TiN coating

(Multi-Arc) and an electron-beam evaporated TiN coating (Balzers). It is
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recommended that thick TiN coatings with same thickness deposited .by both
processes, be evaluated in further wear tests. TEM work for coating grain size,
defect distribution and density which may influence coating hardness, Auger
work on coating stoichiometry, microhardness testing, and Scratch testing for

coating adhesion evaluation are also suggested.
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6. CONCLUSIONS

The thicknesses of commercial TiN coatings were not consistent from com-
pany to company, batch to batch, sample to sample and side to side in one

sample.

A thick TiN coating had better wear resistance than an electroplated hard
Cr coating in the DSRW test.

Thin TiN coatings did not have better wear resistance than the electro-
plated hard Cr coating in the DSRW test.

There was no difference in terms of coating deterioration between an arc
evaporated TiN coating with thickness about 0.7 pm and a 0.5 pm elec-

tron beam evaporated TiN coating in the DSRW test.

TiN coatings degraded predominately by a spalling process while the Cr

coating deteriorated by uniform grooving wear in the wear tests performed.

A Cr-coated saw chain cutter with 9 pm coating thickness showed better
performance in terms of wear resistance than the TiN-coated cutters after

5,000 ft of wood cut.

Both types of TiN coatings on HSS coupons in the DSRW test were con-

sisted of a single TiN phase and had a strong 111 surface orientation.

A compressive stress was found in the TiN coating on HSS by Multi-Arc

and a tensile stress in the coating on HSS by Balzers.
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Table I. Mechanical and thermal properties of some typical hard
coating materials and some substrate materials

Thermal Melting or
Young’s expansion decomposition
; ] modulus Poissons coefficient Hardness temperature
; Material (kN/mm™?%) ratio (107°k™") (kg mm ™) (°C)
Coatings
; TiC 450 0.19 74 2900 3067
E HfC 464 0.18 6.6 2700 3928
| TaC 285 0.24 . 6.3 2500 3983
WC 695 0.19 4.3 2100 2776
, Cr,C, 370 10.3 1300 1810
8 ™ 250-599 9.35 2000 2949
; L ALO, 400 0.23 9.0 2000 2300
§ TiB, 480 8.0 3370 2980
% Substrates
94WC-6Co 640 0.26 5.4 1500
High speed
steels 250 0.30 12-15 800-1000

Al 70 0.35 23 30 658
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Table II. Chemical composition of substrate materials (wt%)

§ Substrate C Mn C Ni Mo S P W VvV S
4 fSS(DSRW) 0.89 0.49 4390 079 3.06 046 005 3.87 1.40
« OL(DSRW) 0.99 1.10 0.6 0.19 0.40 049 0.12
1 1095(DSRW) 0.97 0.39 0.25 0.02 0.034

8660(WC) 0.60 0.80 0.60 0.50 0.10 0.10
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Table II. Chemical composition of substrate materials (wt%%)

Substrate C Mn C Ni Mo & P W VvV §
HSS(DSRW) 0.89 0.49 4.39 0.79 3.06 0.46 0.05 3.87 1.40
O1(DSRW) 099 1.10 0.46 0.19 0.40 049 0.12
1095(DSRW) 0.97 0.39 0.25 0.02 0.034
8660(WC)  0.60 0.80 0.60 0.50 0.10 0.10
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Table III. Substrates and commercial coating company

Tests Balzers(TiN) Multi-Arc(TiN) Precision Tool{Cr) Omarks(Cr)
DSRW HSS HSS, 01 1095

Wood cutting 8660 8660 8660
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Table IV. Substrate hardnesses before and after coating

1 for DSRW test

Specimens Hardness, HRC
HSS 64.1
before coating O1 tool steel 60.0
1095 64.1
HSS 63.5
2 (coated with TiN by Multi-Arc)
FSS 644

(coated with TiN by Balzers)
after coating

01 52.5
- (coated with TiN by Multi-Arc)
| 1095 56.4

(coated with Cr by Precision Tool)

for wood cutting test

before coating 8660 53.6

8660 53.5
(coated with Cr by Omark)

8660 51.6
after coating
(coated with TiN by Multi-Arc)

8660 47.6
(coated with TiN by Balzers)




55

Table V. Surface roughness

Ra RmaxiDIN;
Substrate Coating Source .
+0.06pm +0.8pm
before deposition 0.41 3.2
HSS
TiN | Multi-Arc 0.43 3.6
before deposition 0.57 4.3
HSS
TiN Balzers 0.56 44
ATSI 1095 Cr Precision Tool 0.56 47

Ra is the arithmetic mean of the departures of the roughness profile from the mean line. This
mean line is positioned such that the area under the profile above the mean line equals to the area

above the profile below the mean line.

1

Ra=lif|f(x)|dx

m 0

Rmax{(DIN) is the maximum peak-to-valley height of the profile in a single sampling length.
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Figure 7. Schematic of Dry Sand Rubber Wheel test apparatus.
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Figure 8. Wood cutting test set up showing cutter fixturing.
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Figure 9. Cross-sections of (2) TiN-coated HSS by Multi-Arc, (b) TiN-coated O1
tool steel by Multi-Are, (c) thick TiN-coated HSS by Balzers and (d) Cr-coated
1095 by Precision Tool.




Figure 10. Transmission electron micrograph showing polycrystalline micros-
tructures of (a) TiN coating from Balzers and (b) TiN coating from Multi-Arc.
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Figure 11. XRD diagrams showing single TiN
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phase and strong 111 orientation:
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Figure 12. Superimposed XRD diagrams from the two sides of a TiN-coated
HSS coupon by Balzers showing high TiN peak in one side indicating thick TiN
coating, and low TiN peak in the other indicating thin TiN coating.




68

110 T I T T -7 ] T T T T —
¥ ; HSS coated with thick TiN by Balzers 0
- +: HSS coated with thin TiN by Balzers -
©: HSS coated with TiN by Multi-Arc
0O : 01 coated with TiN by Multi-Arc
90~ v. 1095 coated with Cr by Precision Tool . -
- D -
& 70 _
T % ¥ +
= R ¢ © -
) \Y
: 5,
' Sor- v o v ¢ -
- v
| & ]
i o Ry
s = v
30 + 0 T
I <
V < + 9
0 v 0 F
ol €9, o, ¥ * * ** *
+y %@ * X x 7
FQ &W g* ¥ * * ase
- ___g* *
-10 4] | | L | 1 I 1 J 1 | ]
0 50 100 150 200 250 300

PATH LENGTH, ft
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Figure 14. The result of Dry Sand Rubber Wheel (DSRW) test (total path
length of 1000 ft).




70

(a)

Figure 15. Surface topography of Cr-coated 1095 before wear testing (2) and
after 8 ft path length of DSRW testing (b).
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Figure 168. Surface topography of Cr-coated 1095 after (a) 14 ft, {b) 49 ft, and
(c) 235 ft path length of DSRW testing.
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Figure 17. Surface topograpby of TiN-coated HSS by Multi-Arc before wear
testing (a) and after 9 ft path length of DSRW testing (b).
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Figure 18. Surface topography of TiN-coated HSS by Multi-Arc after 12 ft (a
and b) and 47 {t (¢ and d) path length of DSRW testing.
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Figure 19. Surface topography of TiN-coated HSS by Multi-Arc after 63 ft
path length of DSRW testing.
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Figure 20. Surface topography of thick TiN-coated HSS by Balzers before wear
testing (2 and b), and after 7 ft path length of DSRW testing (¢ and d).




76

25 242 03kY 001001
(b)

0 0 Bl

Figure 21. Surface topography of thick TiN-coated HSS by Balzers after 73 ft
path length of DSRW testing: (a) low magnification, (b) high magnification
showing microcracks in the coating areas and (c¢) a further higher magnification
showing fragmentation of microcracked areas.




Figure 22. Surface topography of thick TiN-coated HSS by Balzers after 350 ft
(2) and (b), and 583 ft (c) path length of DSRW testing.
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Figure 23. Surface topography of thin TiN-coated HSS by Balzers before wear
testing (2) and after 9 ft path length of DSRW testing (b).
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Figure 24. Result of wood cutting test.
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Figure 25. Saw chain cutter tips before wear testing: (a) un-coated, (b} Cr-
coated by Omark, (¢) TiN-coated by Multi-Arc, and (d) TiN-coated by Balzers.
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Figure 26. Saw chain cutter tips after 5000 ft path length: un-coated, %3
Cr-coated by Omark, (¢) TiN-coated by Multi-Are, and ( T1N-coated

Balzers.
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Figure 27. Saw chain cutter tips after 35,000 ft path length: (a) un-coated, (b)
Cr-coated by Omark, (c¢) TiN-coated by Multi-Arc, and (d) TiN-coated by
Balzers.




Figure 28. Saw chain cutter edges before wear testing: (a) un-coated, (b) Cr-
coated by Omark, (¢) TiN-coated by Multi-Arc, and (d) TiN-coated by Balzers.
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Figure 29. Saw chain cutter edges after 5,000 ft path length:
Cr-coated by Omark, (¢) TiN-coated by Multi-Are, and

Balzers.
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Figure 30. Transition between areas of coating removal and remaining coating

on saw chain cutters after 35,000 ft path length: (2) Cr-coated by Omark, (b)
TiN-coated by Multi-Are, and (¢} TiN-coated by Balzers.
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Figure 31. Cross-sections of saw chain cutter clearance face after 35,000 ft path
length: (a) Cr-coated by Omark, (b) TiN-coated by Multi-Are, and {c) TiN-
coated by Balzers.
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