Vidhäftning mellan keramiskt skikt och hårdmetall
med alternativ bindefas
Eric Bojestig
Skärverktyg för svarvning har de senaste decennierna bestått av en hårdmetall, hårda
karbider omgivna av en duktil bindefas, som är belagd av en keramisk flerskiktsbeläggning
för att förbättra slitstyrkan. När beläggningarna infördes på 60-talet ökade svarvskärens
livslängd med hela 500%. Idag väljer man att använda kobolt (Co) på grund av dess duktilitet
och förmåga att binda till volframkarbiden (WC), som är den vanligaste hårda karbiden. Just
kobolt i pulverform har i en studie från USA:s National Toxicology Program (NTP) visats vara
cancerogent vid inandning. Det har även blivit klassificerat som cancerogent av EU:s REACHprogram. Kobolt har sedan det sena 80-talet och det tidiga 90-talet försökts bytas ut på
grund det starkt fluktuerande råvarupriset som orsakats av de politiska konflikter som har
drabbat de områden där kobolt bryts.
Det är viktigt att det material som ersätter kobolt inte har några negativa effekter på hur
svarvskäret presterar, utan att de presterar lika bra eller bättre. Om inte livslängden och
bearbetningshastigheten är tillräckligt lång eller hög kommer det inte vara lönsamt för
tillverkningsföretagen att använda svarvskäret. Även små negativa förändringar kan leda till
stora ekonomiska förluster.
Genom åren har många olika alternativa bindefaser studerats i hopp om att de ska kunna
ersätta kobolt. Ett bindefassystem som har studerats är järn (Fe), nickel (Ni) och kobolt.
Dessa tros kunna ge en bra alternativ bindefas på grund av att de ligger på var sin sida av
kobolt och därför bör ha liknande egenskaper. Järnlegeringar har även förmågan att
fasomvandla sin austenitiska form till den hårdare fasen martensit, vilket skulle innebära att
man får en ännu hårdare hårdmetall.
En viktig egenskap hos de nya svarvskären är att beläggningen fortsatt måste ha bra
vidhäftning mot hårdmetallen. Om inte den är tillräckligt bra så kommer beläggningen
flagnas av under svarvningen, vilket leder till att svarvskäret förstörs. För att testa
vidhäftningen finns det många olika metoder, men den vanligaste är reptestet som är en
enkel kvantitativ metod. Reptestet går ut på att man drar en mycket hård diamantspets över
ytan medan den pålagda lasten kontinuerligt ökar. Vidhäftningen bedöms sedan som vid den
last som gav den första avflagningen ner till hårdmetallen, kallat för den kritiska lasten. När
man utför ett reptest mäter man även akustisk emission, vilket är vibrationer som liknar
ljudvågor. Dessa kan man sedan använda för att bestämma vid vilken last man fick den första
avflagningen då detta skall orsaka en spik i den akustiska emissionsgrafen.

Vid repning av proverna blev det inga avflagningar av beläggningen, utan spetsen plogade
ner sig till hårdmetallen. Det visade sig att alla bindefaser gav en hög kritisk last. Den
bindefas som stod ut mest består av 73 vikt% järn och 27 vikt% nickel och gav samma, eller
kanske till och med bättre, kritisk last än koboltreferensen både med avseende på blottning
av substratet i repspåret och den första akustiska emissionsspiken.
Detta resultat visar först och främst att det finns hopp om att det ska gå att byta kobolt som
bindefas i hårdmetall, det vill säga att det finns alternativa bindefaser som kan ge samma
eller bättre vidhäftning som dagens kobolt-bindefas. Det återstår dock mycket forskning
innan man med säkerhet kan säga att man kan byta ut kobolt. Men framförallt är detta ett
steg närmare en koboltfri värld.
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HCP - Hexagonal close-packed
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III

1 Background
The search for a new binder phase for steel turning inserts have been on the verge for some
time. It started in the late eighties and early nineties when the price of cobalt started to
fluctuate due to political conflicts in the region where cobalt was mined [1]. In later years
the search have been intensified due to a study from United States National Toxicology
Program (NTP) showing that cobalt powder is carcinogenic upon inhalation [2]. Cobalt
powder is also classified as carcinogenic by inhalation by the European Union's REACH
program [3]. Both the economical and health aspect motivates the manufacturing
companies to find a replacement. It is important to know what makes a good binder phase,
what properties are needed to get adequate performance of the cemented carbide. That is
why further research is essential to find the right alternative binder phase. Many different
binder phase systems have been studied, one of these is the Fe/Ni/Co-system.
There are a considerable amount of studies on the Fe/Ni/Co-binder phase system, but not a
lot of studies on the adhesion between those cemented carbides and a multilayer ceramic
coating. The previous work have indicated that iron and nickel successfully could fully or
partially replace cobalt as the binder phase. Today it is not used in steel cutting applications,
only in woodworking and as wear parts [4, 5]. It is important that the cemented carbide
performs the same or better despite which binder phase is used. One of those parameters is
the adhesion between the cemented carbide and the multilayer ceramic Ti(N,C), Al2O3, and
TiN coating done by chemical vapor deposition (CVD), which is the main focus of this thesis
work.

1.1 Assignment
The aim of this work was to investigate the adhesion between an multilayer ceramic coating
deposited by chemical vapor deposition (CVD) and a cemented carbide with an alternative
binder phase for steel turning inserts, both manufactured by Sandvik Coromant. The
multilayer ceramic coating is one of Sandvik Coromant's coatings for cemented carbides
used for steel turning, the same coating was used for all cemented carbides. The binder
phase consisted of iron (Fe), nickel (Ni) and cobalt (Co) with varied distribution ratio
between them. Furthermore, the amount of binder phase was either 10 vol% or 20 vol%.
The reason for using these two amounts is that 10 vol% is close to the amount in today's
turning inserts and 20 vol% is to enhance the effect of the binder phase. These samples with
different binder phases were studied and compared with respect to coating adhesion. To
quantitatively compare the samples, scratch test was used and the results were studied and
compared by microscopy. The microstructure of the cemented carbide and the fracture
surfaces of the coating were also studied. In addition to this practical approach, a literature
study was conducted to get an understanding of why and how the binder phases affects the
adhesion.
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2 Introduction
Finding a suitable replacement is not straight forward, there are a lot of factors one needs to
keep in mind when searching for an alternative to the cobalt binder phase. The changes will
not only affect one thing, but in matter of fact multiple properties such as the performance
in machining, substrate hardness and microstructure.

2.1 Machining
There are three major types of steel machining: turning, milling and drilling. What
distinguishes between turning and milling is that during turning the workpiece is rotating
and during milling is it instead the cutting inserts that are rotating. Milling can therefore
create the most advanced geometries. While turning is only able to make level differences
on circular workpieces and drilling can only create circular holes. Depending on the desired
surface finish, cutting depth and material of the workpiece, the inserts geometry needs to be
changed. There are for this reason numerous different inserts [6]. In this thesis work the
focus is on inserts for steel turning.
The longevity of the insert is vital when developing new inserts. If the lifetime and the speed
at which the insert can operate is not long and high enough is it not profitable to use. Just
small changes in the lifetime and operating speed could lead to great financial gain for the
manufacturing companies [7].
When speaking of steel turning, steel is classified into three groups: low alloyed, high alloyed
and unalloyed. The turning method needs to be changed depending on what kind of steel is
being used. Low and high alloyed can be hardened through heat treatment. This affects the
machinability, creating a lot of heat in the cutting zone resulting in enhanced plastic
deformation of the insert. Other common wear mechanism are flank and crater wear, see
Figure 1. The ability to machine the alloyed steel generally decreases with increased amount
of alloying and higher hardness. On the other hand, unalloyed steels are problematic to
machine in another way. The reason for this is the difficulty for chip breaking and that the
workpiece usually smears on the turning inserts.[8]

Figure 1: Different wear mechanisms of turning inserts: (left) plastic deformation, (middle) flank wear and (right) crater
wear [9].
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2.2 Alternative binder phase
Traditional cemented carbides, which is a composite of carbide hard phases and binder
alloys, consists of cobalt as the binder phase and tungsten carbide grains as the hard phase.
The combination of the hardness of the tungsten carbide and the ductility of the cobalt
makes the cemented carbide coated with a multilayer ceramic coating, which provides wear
resistance, an outstanding tool for turning, milling and drilling [10]. Cobalt's mechanical
properties in the insert and its wettability to the tungsten carbide grains have made it the
superior binder phase to use.
It is important that the replacing alternative binder phase have no negative effects on the
performance of the finished insert. Many different alternative binder phases have over the
years been studied to replace cobalt. Two of these elements are iron and nickel, which
together show the potential to partly or fully replace cobalt [4]. Iron and nickel have
previously only been used when requirements for hot hardness, resistance against thermal
cracking or corrosion/ oxidation resistance are present [11]. The reason for using iron and
nickel is that they are positioned on either side of cobalt in the periodic table giving them
similar properties and they are two cheap and abundant elements. Iron and nickel combined
with tungsten and carbon are not suitable by themselves to replace cobalt, which has
previously been proven [12]. Iron rich binder phases in cemented carbides have been
reported to have better abrasive wear resistance, toughness and higher hardness than
cemented carbide with cobalt as binder phase [13]. Additionally, nickel also have great
wetting ability both to tungsten carbide and titanium nitride, which enables a binder phase
consisting of iron and nickel to have a good adhesion to a TiN-based ceramic coating [12,
14]. On the other hand, including iron in the binder phase enables it to produce a
ferrite/martensite structure from austenitic iron which would increase the hardness, either
through rapid cooling from elevated temperatures or by mechanical deformation [1].
Furthermore a study have shown that no martensite can be formed through heat treatment
if the amount of nickel in the binder phase is higher than 30 wt% [4]. This is because nickel
stabilizes the austenite [15].
The importance of a hard cemented carbide is stated in numerous articles. In fact previous
studies have shown that binder phases with only iron and nickel have been made with the
same hardness as WC-Co [11]. When striving for high hardness, it is a great advantage if the
Fe/Ni/Co-binder phase could transform into martensite. Binder phases consisting of
martensite have previously successfully been made with a high amount of iron and low
amount of cobalt [4]. Additionally to this, binder phases with a high amount of nickel, low
iron and no cobalt have also shown to have a high hardness, despite the softer matrix of
nickel-rich binder phase that have many different disadvantages [12]. Furthermore, iron is a
grain growth inhibitor which would result in higher hardness and increased internal stress
due to the finer grains [16]. Just because the binder phase consist of martensite does not
guarantee that it would be a good insert [4]. A turning insert with a martensite-rich binder
could be very brittle, which would lead to fracture and catastrophic failure.
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Even though martensite transformation increases the hardness, it also increases the internal
stress due to the crystalline structure changes from face-centered cubic (fcc) to bodycentered tetragonal (bct). This increased stress leads to that the cemented carbide ductility
decreases. The difference in thermal expansion also leads to increased internal stress during
the machining, which could reduce the inserts performance [17]. The crystalline structure of
the other materials also affects the cemented carbides performance. Furthermore, the
crystal structure hexagonal close packing (hcp) is associated with having a low friction effect
on inserts with a Co binder phase and therefore it is in some cases important not to have a
fcc-rich surface, but when applying a multilayer ceramic CVD coating this is not as crucial [1].
Nickel on the other hand does not undergo any phase transformation, fcc to hcp, bct or
body-centered cubic (bcc) [1].
One study claims to have found the most optimal combination between iron, nickel and
cobalt. It found that the ratio between iron and nickel should be in the region of 4<Fe/Ni<10
in order to get superior hardness and transverse fracture strength.[12]
The right amount of carbon is crucial to form a good cemented carbide. If the concentration
of carbon in WC-Co alloys is too high the soft graphite is formed, and if it is too low the
brittle η-phase is formed which is harder than graphite and tungsten carbide. The area
between these two concentrations is called the carbon-window and you want to chose a
concentration of carbon in that window. When producing cemented carbide one need to
keep in mind that the calculated required carbon content is lower than the experimental,
one reason is that carbon is lost during the sintering. Generally higher carbon content would
give decreasing hardness, but regarding Fe/Ni/Co-binder phase it has been shown that
higher carbon content could increase the hardness [12]. Introducing cobalt in pure Fe/Nibinder phases leads to a narrowing of the carbon-window. Furthermore the carbon
concentration also affect the possibility for the iron to transform into martensite [4]. The
carbon have a great effect on the martensite start temperature, Ms, which is the
temperature where the austenite starts to transform to martensite during cooling. If the
carbon concentration is too low no martensite will form, instead one get the bcc structure
ferrite [18].

2.3 Coatings on cemented carbide
The two most common methods to coat cemented carbides are chemical vapor deposition
(CVD) and physical vapor deposition (PVD). CVD coatings add high wear resistance to the
cemented carbide and are for that reason the most commonly used for a wide range of
applications, for example general turning and steel drilling. Besides the wear resistance, PVD
coating also add edge toughness and comb crack resistance. This makes the PVD coating
favorable to use in application for tough and sharp cutting edges, and materials that
smears.[19]
Commercial CVD coatings on cemented carbides normally consists of two or three layers:
Ti(C,N), Al2O3 and TiN. Thanks to the hardness of the Ti(C,N)-layer the abrasive wear
4

resistance of the insert increases. The Al2O3-layer is chemically inert, has a high hardness and
acts as a thermal barrier due to its low thermal conductivity. That results in reduced crater
wear and the carbon in the cemented carbide will not diffuse into the steel during turning.
The last TiN-layer provides additional wear resistance and wear detection due to its yellow
color which wear off during the turning. A post-treatment can be conducted to increase the
edge toughness and reduce the risk of smearing.[19]

2.4 Adhesion
What effects the adhesion in the interface between the coating and the cemented carbide is
a very complicated question. A number of people have tried to understand and explain it,
therefore the terms basic and practical adhesion were introduced. The first one referring to
the atomic interactions in the interface between the coating and substrate. Only taking into
account the atomic bonds between the two materials. Practical adhesion on the other hand
is more of an engineering explanation of what parameters affects the adhesion and how to
improve it. The practical adhesion depends on complex combination of wear resistance,
fracture toughness, lattice defects and flaws.[20]
The parameters that have the most substantial influence on the adhesion is the hardness of
the substrate and coating, the coating thickness and the substrate microstructure [21–23].
There is a strong correlation between substrate hardness and adhesion. The adhesion
increases linearly with increased hardness of the substrate, when all other parameters are
the same. However it is not that straight forward, the difference between the hardness of
the substrate and the hardness of the coating also affects the adhesion. If the substrate is
much harder than the coating there will be an induced stress in the interface when a
mechanical load is applied to the surface due to their different ductility [24]. The coating
thickness influence on the adhesion is also linear, meaning thicker coatings will have better
adhesion when performing the scratch test. At last, substrates with finer microstructure with
smaller grains will have better adhesion [21]. In this work the focus is especially on verifying
the substrates' hardness and microstructure, as well as the coatings' grain structure.

2.5 Scratch test
Evaluating the adhesion of coatings have always been an interest of all manufacturers of
coated inserts. There are plenty of methods to evaluate the adhesion of a coating. Scratch
test, four-point bending test, cavitation and laser-acoustics are some of the more common
[20]. Scratch testing remains one of the most commonly used methods in the industry for
adhesion testing. It is a simple method to quantitatively assess the quality of the coating
adhesion of hard coatings on hard substrates [25].
When performing a scratch test a hard tip, usually diamond, presses down with a load on the
sample and the sample table moves laterally resulting in a scratch on the sample surface.
The load progressively increases until a critical event occurs, for example the coating chip or
the tip pushes through the coating. The unit of measurement is critical load, L C. The load
referring to the load applied to the surface by the tip. The critical load is affected by many
5

different things, not just the adhesion but also for instance the geometry of the tip and the
surface roughness.[26, 27]
As a result of scratching a very hard substrate as cemented carbide it is essential to avoid
high load scratches as much as possible. Performing high load scratches will degrade the tip
and it is important to frequently check it. This is one of the biggest disadvantages with the
scratch test, the result strongly depends on the shape of the tip and it is not possible to
perform two scratches with the exact same testing conditions.

2.5.1 Failure modes
There are two dominating failure modes during scratch tests: buckling and wedge spallation,
see Figure 2. Buckling typically appears for coatings that are thinner than 10 µm. These
coatings can bend when a load is applied to the surface. The failure appears when the
Rockwell tip is scratching the surface and a pile-up head of the coating is formed. The local
regions around pile-up with interfacial defects will allow the coating to buckle and propagate
laterally into the surrounding coating. When the pile-up and a buckle have been created the
tip will press though it and depending on the properties and the load the coating might
detach from the substrate.[27, 28]
For thicker coatings, >10 µm, wedge spallation is the most common failure mode. During the
scratch test of thicker coatings the tip will cause a compressive shear force ahead of the tip
though the thickness of the coating. This stress will propagate down to the substrate surface.
All surfaces generally have a sloping side which here can be used as wedge. The tip will drive
the coating up on the wedge causing an interfacial crack to propagate. Detachment of the
coating may then occur due to the tensile bending stresses created. The tip will then drop
down into the hole created and the scratch depth and width will dramatically increase
resulting in increased friction.[27, 28]

Figure 2: Schematic illustrations explanations of buckling (left) and wedge spallation (right) [27].
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The mechanical advantages with having a multilayer coating is also present when it comes to
scratch tests and failures. Multilayer coatings have shown to have better adhesion than
single layer coatings. The reason for this is the reduced residual stress in coating and
increased hardness. Additionally, the multilayer coating makes it more difficult for cracks to
propagate, which increases the failure resistance. In fact the adhesion for multilayer coatings
depends on the composition and the layer structure of the coating.[29]

2.5.2 Acoustic emission
Acoustic emission (AE) is transverse vibration, a "sound", that occurs when stress affect a
material in such way that the internal structure changes irreversibly [30]. Some of these
changes are crack formation and crack propagation. When a crack is created, acoustic
emission occurs, which strongly correlates to the failures visible in images. Some states that
the first AE-spike always indicates the first coating detachment and can for that reason be
used to evaluate the adhesion [20]. However, AE can detect failures that the imaging cannot.
It is plausible that these failures are cracking in the interface which does not result in coating
detachment [27]. But on the other hand one cannot know exactly what has happened, that
is why supplementary imaging is key.

2.5.3 Friction coefficient
Another method to quantitatively determine the adhesion would be to use the friction
coefficient data extruded from the scratch test. The friction coefficient rapidly increases
when the coating is detached from the substrate. The increase of the friction coefficient is
partly due to the increase of the plowed area that occurs when the coating is detaching. But
this change is not always very well defined, which makes it difficult to analyze.[27]

2.5.4 Scratch test used for cemented carbides with alternative binder phase
Some previous studies have been using the scratch test to study the adhesion between a
CVD coating and a cemented carbide with the Fe/Ni/Co-binder phase system. One of these
previous studies have shown that replacing cobalt with iron and nickel will not worsen the
adhesion between a cemented carbide and a CVD-coating of Ti(C,N). During the scratching
cracking of the coating occurs, the crack propagates in the coating-cemented carbide
interface and leads to delamination and chipping of coating fragments.[5, 21]
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3 Methods
To study the effect of the different binder phases, the properties of the cemented carbides
were analyzed. The adhesion of the multilayer ceramic coating on all sample inserts was
tested by scratch testing.

3.1 Sample manufacturing
All samples were manufactured before the start of this thesis work, and therefore were not
a part of the practical work. The manufacturing method of the samples was the same as that
for finished inserts and was as follows.
There are five consecutive steps to manufacture the cemented carbides: mixing, wet milling,
drying, pressing and sintering. The first step, the right amount raw materials was mixed with
the pressing agent Polyethylene Glycol (PEG). Wet milling took 8 hours and to avoid
oxidation, ethanol was used as a milling fluid. The main purpose of milling is to break down
the powder to the desired size and produce a homogenous mixture. After the milling the
milling fluid was removed, which is usually done in a spray dryer with a N2-atmosphere. In
this work it was done by pan drying, due to the low amount of powder. Normally the next
step would be to press the powder into the desired insert form, but here the samples for the
analyzes and mechanical experiments were uniaxially pressed into a simple ISO geometry
called SNUN12, see Figure 3, and vacuum sintered for 1 hour at 1410 °C.[31–33]
Two samples of each Co-reference and alternative binder material were coated with the
same CVD process to create a multilayer ceramic coating which is used on commercial cobalt
based cemented carbides. Before the coating process, all samples were cleaned according to
the standard procedure. The multilayer ceramic coating is presented in Figure 3.[31]

Figure 3: SNUN12 insert with the size 12.7x12.7x4.2 mm [34] and cross section of the multilayer ceramic CVD coating.
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3.1.1 Binder phases
Besides the reference cobalt binder phase, five other binder phase compositions were
studied. Two different cemented carbides of each binder phase were made, one with 10
vol% and one with 20 vol% binder phase. In total there were twelve unique samples. All
binder phase compositions are listed in Table 1. Four of these binder phases were high in
iron and had a nickel content under 30 wt%, which according to the literature gives a
likelihood that the iron would undergo a martensite transformation. The alloys 82:18:00 and
70:18:12, where Fe:Ni:Co is in wt%, were the most likely to create martensite, resulting in a
harder cemented carbide.
Table 1: Binder phase ratios Fe:Ni:Co in wt%. Samples with 10 vol% and 20 vol% binder phase were made from all six
binder phase ratios.

Ratio

00:00:100

50:25:25

70:18:12

73:27:00

82:18:00

15:85:00

Fe (wt%)

0

50

70

73

82

15

Ni (wt%)

0

25

18

27

18

85

Co (wt%)

100

25

12

0

0

0

3.2 Analyzes of microstructure
The binder phase affects numerous properties of the cemented carbide. Some of these are
the coating growth, microstructure and substrate hardness. These properties were analyzed
with respect of their effect on the adhesion between the coating and cemented carbide and
possible visual differences.

3.2.1 Fracture surfaces
In order to determine the effect of the binder phase on the growth of the multilayer ceramic
coating, fracture surfaces were made. It is important that the coating is able to grow on the
cemented carbide regardless of what binder phase is used. To create the fracture surface the
samples were cut with a Conrad D 3392 equipped with a circular diamond saw blade. Before
cutting, the samples were cleaned in an ultrasonic bath with ethanol for about seven
minutes. To achieve a good and level fracture surface it was crucial to cut so that it would be
easy to break manually. The fracture surfaces were then created by holding the sample with
two pliers and bending it, and avoiding scratching the newly created fracture surface. This
was performed after yet another cleaning for about three minutes and just before placing
the sample into the scanning electron microscope (SEM). The SEM used was a Zeiss Leo 440
equipped with a LaB6-filament and a secondary electron detector. The SEM-setting used for
all fracture surface images is listed in Table 2.
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Table 2: SEM-settings used for all fracture surface images.

Magnification

Acceleration voltage

Beam current

Working distance

10k X

5 kV

49 µA

10 mm

3.2.2 Cross sections
Cross sections were made to study the effect from the binder phase on micro structure and
porosity. When creating the fracture surface one larger and one smaller piece were created.
The smaller piece, about three millimeters thick, was chosen to be polished and was
therefore baked into bakelite. Before baking, all sharp wedges created when making the
fracture surfaces were abraded by a 60 µm diamond disc at 160 rpm to get a flat surface for
polishing, furthermore the bakelite would fracture during the baking if there would be sharp
wedges. The samples were baked in an electrically conductive bakelite, Aka-Resin SEM
Conductive Phenolic, with clap time of 7 minutes at 200 °C and 200 bar. Then they were
polished for 3x20 minutes with a downward pressing force of 60 N the first two times and 70
N the last 20 minutes at 150 rpm on a paper with an oil based 9 µm diamond slurry. The fine
polishing was done 2x15 minutes with a downwards pressing force of 75 N at 150 rpm on a
paper with an oil based 1 µm diamond slurry. To finish the polishing, the samples were
pulled manually against a rotating soft cloth containing with 1 µm diamond particles for
about five turns.
The same Zeiss Leo 440, with the same setting that are listed in Table 2, was used for
analyzing the micro structure. In addition to the SEM-analysis, light optical microscopy with
10 X magnification was used to determine if there was graphite and pores in the cross
section surfaces.

3.3 Hardness
As previously stated, hardness have been shown to have a close to linear relation to critical
load when performing the scratch test. This makes it interesting to measure and compare it
to the scratch tests. The polished samples which were used to study the cross section were
also used to measure the hardness. Vickers indention, Hv3, were chosen because it is the
most commonly used method and load at Sandvik Coromant, which makes it possible to
compare these results with previously performed hardness tests. The hardness was
measured with an automatic KB Prüftechnik 30S. Five indentations with the load 3 kg and a
0.3 mm separation were made on all samples, and the Hv3 hardness was then automatically
calculated.

3.4 Scratch test
The scratch test was performed in a CSEM revetest scratch-tester equipped with Rockwell C
diamond tips, 120° cone angle and 200 µm radius, see Figure 4. The load increased
progressively with a loading rate of 10 N/mm, and the sliding speed was 10 mm/min. These
settings were chosen because they are the most commonly used in the literature. The
difference between initial and final loads was always 80 N. This means that all scratches
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became 8 mm long. Before performing the scratch test and before the SEM analysis all
samples were cleaned with ethanol in an ultrasonic bath for about 7 minutes. Before each
and every scratch test, the Rockwell tip was cleaned with ethanol. If there was any suspicion
that the Rockwell tip had been damaged during a scratch test, it was examined in SEM to
conclude or dismiss that suspicion. Three scratches were performed on all samples, except
00:00:100 20 vol% and 82:18:00 20 vol%, which were given four and two scratches,
respectively.

Figure 4: (left) Scratch tester with Rockwell C tip, sample and control unit in the background. (right) Rockwell C tip
showing radius and cone angle [35].

Following the scratch test, each scratch was evaluated in SEM. Critical load, LC, was deduced
from the SEM-images and was defined as the first exposure of the cemented carbide. This
was verified by conducting energy dispersive spectroscopy (EDS) analysis.
The numeric data extruded from scratch tests, meaning acoustic emission (AE) and friction
coefficient, were studied to see if they could be used to determine the critical load in hope
that in the future no SEM- and EDS-analyzes would be required. The literature implies that
the first AE-spike indicates the first chipping. Even if this would not be the case, the applied
load at the first AE-spike was analyzed and will be referred to as the critical acoustic
emission load (LAE). The first AE-spike was defined as the first substantial increase of acoustic
emission. Single spikes during the first 15 N were dismissed as noise and not taken into
account. These are not caused by the coating but caused by the scratch tester and Rockwell
tip settling. The drastic change in the friction coefficient curve, that could indicate coating
detachment, was also studied.

3.5 XRD-Analyzes
Powder X-ray diffraction (XRD) analyzes were used to determine if the binder phases and
scratch tracks contained martensite. A Bruker Discover D8 diffractometer with Davinci
design equipped with a IµS Microfocus Source, an Eulerian cradle and a Våntec-500 2D area
detector was used. To align the samples, a laser-video positioning system was used. XRDdata were collected in the angular range 20°<2Θ<80° for the cross sections and the angular
range varied for the scratch track depending on what was possible. The XRD-patterns were
analyzed with the software DIFFRAC EVA from Bruker and High Score Plus from PANalytical.
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4 Results
The effect of the binder phase was apparent, but the result was not the expected. All results
from the analyzes and scratch tests are presented here.

4.1 Analyzes of microstructure
4.1.1 Fracture surfaces
The fracture surfaces of the multilayer ceramic CVD coatings all looked very similar in
regards of grain structure and size, see Figure 5. However, samples 00:00:100 and 82:18:00
might possibly have slightly smaller and more well aligned Ti(C,N)-grains, whereas 15:85:00
have somewhat wider and larger grains. The fracture surfaces show that the multilayer
ceramic CVD coating is able to grow in a columnar structure on the cemented carbides
irrespective of which binder phase is used. This fact is very important. It will hopefully mean
that the coating properties are more or less the same on these cemented carbides and will
not affect the results from the scratch tests.

4.1.2 Cross sections
The SEM-images of the cross sections show that all samples with 20 vol% binder phase have
similar micro structure, see Figure 6. However, LOM-images of 82:18:00 20 vol% shows that
it contains graphite, see Figure 7. The graphite formation is a result of a too high
concentration of carbon.
Some of the samples with 10 vol% binder had pores, see Figure 6. Especially 15:85:00 and
50:25:25 showed a large number of pores. In contrast to this, 73:27:00 and 82:18:00 showed
no pores in the SEM-images. However, the 15:85:00, 73:27:00 and 82:18:00 samples showed
pores in the low-magnification LOM-images, see Figure 7.
The fact that iron is a grain growth inhibitor, which would result in smaller WC-grains, was
indicated in some of the samples with 20 vol% binder. This is most likely also the case for the
samples with 10 vol% binder phase, but it is difficult to tell since the low amount of binder
hinders the distinguishing of the individual WC-grains.
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Figure 5: Fracture surfaces of the coatings on the Co-reference and the five alternative binder phases (Fe:Ni:Co in wt%)
with different amounts of binder phase. These images show that there are no significant differences in the grain
structure, which means that the properties of the coating should be similar on all cemented carbides. SEM in secondary
electron mode. (The scale bars are 10 µm long, except from 82:18:00 20 vol% which is 3 µm long)
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Figure 6: Cross section microstructures of the Co-reference and the five alternative binder phases (Fe:Ni:Co in wt%) with
different amounts of binder phase. The effect of iron being a grain growth inhibitor is seen in the iron-rich samples with
20 vol% binder phase. All samples with the same amount of binder have similar microstructure. The black area on the
left edge of the 70:18:12 10 vol% image is a crack from the cutting of the cross sections. The darker squares in the middle
of all images are contamination, a consequence of higher magnification images that were taken just before these images.
SEM in secondary electron mode. (The scale bars are 10 µm long)
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Figure 7: Appearance of pores and graphite in the polished cross sections in LOM of the Co-reference and the five
alternative binder phases (Fe:Ni:Co in wt%) with different amounts of binder phase. The 82:18:00 20 vol% had graphite,
groups with small black dots, and the 15:85:00, 73:27:00 and 82:18:00 10 vol% all had pores, single large dots.
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4.2 Hardness
One obvious trend in hardness is that all samples with 10 vol% binder phase have a higher
hardness than those with 20 vol%, as presented in Figure 8. This is expected from the fact
that WC is much harder than the binder phases.
Regarding the samples with 10 vol% binder phase, the only two samples that differ from the
others are 70:18:12 and 82:18:00. These two are about 100 and 140 Vickers harder than the
Co-reference (00:00:100). The reason to this is that the Fe in these two samples is partly or
fully martensitic, see section 4.4 XRD-analyzes. The remaining samples, with 10 vol% binder
phase, have practically the same hardness as the Co reference.
Also for the samples with 20 vol%, the 70:18:12 and 82:18:00 are harder than the Co
reference, 135 and 131 Vickers respectively. However, unlike the 10 vol% binder phase, the
other samples with 20 vol% binder phase all have considerably lower hardness than the Coreference. The effect of the softer binder phase is obviously stronger for the higher volume
fraction 20 vol% binder phase.
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Figure 8: Hv3 hardness with standard deviation of the Co-reference and the five alternative binder phases (Fe:Ni:Co in
wt%) with different amount of binder phase.

4.3 Scratch test
The scratches performed in the thesis work looked similar and the same phenomena
occurred during all the scratching. The coating never flaked off through chipping, to expose
the cemented carbide. Instead spallation occurred between the layers in the coating, either
between the outer TiN layer and the Al2O3 or between the Al2O3 and Ti(C,N). The first
exposure of the cemented carbide occurred when the Rockwell tip pushed through the
coating down to the substrate. One example is presented in Figure 9, showing spallation to
Al2O3 and where the Rockwell tip had pushed through the coating and exposed the
cemented carbide.
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Figure 9: Example of scratch appearance, here the 82:18:00 10 vol% sample. Starting load was 80 N and ending load was
160 N, the length of the scratch is 8 mm. The Rockwell tip had pushed through the coating at LC and exposed the lighter
gray cemented carbide. The white areas shows spallation to the Al2O3. The LAE is also indicated.

The results from the scratch tests are presented in APPENDIX A: Scratch test and are
summarized in Figure 10. The standard deviations are high, the largest being 32 N and
several about 17 N. The degradation of the Rockwell tips contributed to the large standard
deviations, but also inhomogeneities in the cemented carbide contributed. All data from the
scratch tests are listed in APPENDIX A: Scratch test.
For the samples with 10 vol% binder phase, 82:18:00 and in particular 73:27:00 show
significantly higher critical loads than the others. Additionally 73:27:00 is the only sample
with 10 vol% binder phase that had a higher critical load mean value than the cobalt
reference (00:00:100).
For the samples with 20 vol% binder phase, all except 15:85:00 had critical loads equal to or
higher than the cobalt reference. Once again the 82:18:00 and 73:27:00 achieved the highest
critical loads.
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Figure 10: Critical load (LC) with standard deviation of the Co-reference and the five alternative binder phases (Fe:Ni:Co in
wt%) with different amounts of binder phase.
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4.3.1 Acoustic emission
The AE-plot for one of the sample 82:18:00 10 vol% scratches is presented in Figure 11. The
first AE-spike was at about 109 N, although the critical load when the Rockwell tip pushed
through the coating and exposed the cemented carbide was 131 N.
Nevertheless, the AE-data was still analyzed and is presented in Figure 12. The critical
acoustic emission loads were defined as the applied load at the first AE-spike. Not all AEplots had a well defined spike as the one in Figure 11, and some had a spike or fluctuation of
the AE-signal early in the scratch, which was not taken into account. The 73:27:00 sample
together with the Co-reference had the highest LAE-mean values, followed by 50:25:25 and
82:18:00. The binder phase with the lowest LAE-mean value was 15:85:00, except the
00:00:100 20 vol%, which also had a very large standard deviation. As for the critical load,
the standard deviations of the LAE were also high for some of the samples.
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Figure 11: Acoustic emission curve of 82:18:00 10 vol%, selected to be representative for the AE-data from the scratch
tests. The first AE-spike was at 109 N, indicating an irreversible change in the material.
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Figure 12: Critical acoustic emission load (LAE) with standard deviation of the Co-reference and the five alternative binder
phases (Fe:Ni:Co in wt%) with different amounts of binder phase.

4.3.2 Friction coefficient
Analyzes of the friction coefficient curves proved to be problematic. Figure 13 shows a
representative curve. No drastic friction changes, which would indicate coating chipping, at
the critical load or the critical acoustic emission load were found. Absence of drastic changes
is also what was expected from the literature and the method was therefore deemed not to
be useful.
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Figure 13: Friction coefficient curve of 82:18:00 10 vol%, representative for the scratch tests. The arrows indicate the
critical acoustic load (LAE) and critical load (LC), which obviously show weak coupling to the friction behavior.
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4.4 XRD-analyzes
70:18:12 was the only binder that had a fully martensitic polished cross section, and
73:27:00 was the only with a fully austenitic. The other two binders had a combination of
the two crystalline structures. However, 82:18:00 was mostly martensitic and 50:25:25 was
mostly austenitic. All data is presented in APPENDIX B: XRD-analyzes and summarized in
Table 3. The samples with the right iron alloying could form deformation martensite during
the scratching. This was however not found in any of the examined scratch tracks, see
APPENDIX B: XRD-analyzes. The only sample that showed martensite in the binder in the
scratch track was the 70:18:12 20 vol%, which prior to the scratching already had a
martensitic binder, see Table 3.
The reason for not finding any austenite to martensite transformations can be explained
with that the scratch tracks were narrow, about 100 µm, and the areas with exposed
cemented carbides were even narrower. The size of the collimator lens in the XRD
equipment does not make the beam spot small enough to analyze just the exposed
cemented carbide, but it will also analyze the surrounding coating. The amount of
martensite in this small area was probably too low to give a detectable signal. One way to
find out if there was any martensite transformation would be to make larger scratches,
which would make it easier to perform the XRD-analyzes.
Table 3: XRD-analyzes of the samples with high amount of iron, measured on the polished cemented carbide cross
sections.

Sample
70:18:12 20 vol%
50:25:25 20 vol%
73:27:00 20 vol%
82:18:00 20 vol%

Position 2Θ [°]
44.69
43.59, 44.69
43.64
43.57, 44.53

Phase
Martensite
Austenite, Martensite
Austenite
Austenite, Martensite
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5 Discussion
From the outset and throughout the work some reflections have been made on the
outcome of the result and the reason it turned out the way it did. The discussion is focused
on adhesion, or more accurately; the critical load, the scratch test and the effect of binder
phases.
One would expect that all samples with 10 vol% binder phase would have higher critical load
than those with 20 vol% due to the higher hardness. This is the case for all samples except
50:25:25 and 82:18:00. This might just be a coincidence or an effect of the large standard
deviations, especially for 50:25:25. But the fact remains that the difference between mean
values is small between 10 vol% and 20 vol% binder phase for all samples except the Coreference, which also had the largest standard deviations. This means that the binder
amount does not have a dominating effect on the critical load. Furthermore, all samples had
a high critical load, no one had a horribly low critical load and no one had a superbly high in
comparison to the others and all were close to the cobalt reference. The fact that all samples
had a good critical load mean that it would be possible to make inserts with these binders
and use them in turning tests with promising results.
The binder phase 73:27:00, which gave the highest critical load, was the only Fe-rich binder
phase without martensite. It was also one that gave the softest cemented carbides. Both of
these facts imply that there could be lower internal stresses in the cemented carbide, which
would consequently make it more ductile. Even though no austenite to martensite
transformation was found, there are reasons to suspect that it still occurred. If so, it would
explain why the 73:27:00 performed as it did. Constantly increasing the hardness by
martensite transformation under the Rockwell tip would make the cemented carbide able to
carry more and more load until the load gets too high and the tip would then push through
the coating.
The 50:25:25 binder phase was mostly austenitic with some martensite, and had similar
hardness as the 73:27:00 but it did not get as high critical load. Previous studies have also
found that 50:25:25 can create deformation martensite during scratching [36]. The reason
for not getting the same critical load could be that the small initial amounts of martensite
would decrease the ductility and increase the internal stress in the cemented carbide. In
contrast to this, sample 82:18:00, which had some austenite and mostly martensite, showed
higher critical load than the 50:25:25. This in spite of the fact that the 82:18:00 should be
less ductile, since it also had higher hardness.
Surprisingly, samples that had martensitic binder from the beginning did not have the
highest critical load. This is believed to be because of that the ductility of the cemented
carbide was too low due to the martensite transformation during cooling after sintering. This
would be demonstrated during the scratch test, where the low ability of the cemented
carbide to deform plastically resulted in large stresses in the interface between it and the
coating, which would result in lower critical load.
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The critical load graph and the critical acoustic load graph show the same trend for 10 vol%
binder, but not for 20 vol%. Furthermore, the 50:25:25 samples had somewhat higher LC and
the LAE of 82:18:00 20 vol% was lower comparatively to the other samples. The critical
acoustic load also had slightly smaller standard deviations. The lower loads are due to that
the acoustic emission can detect failures in the coating, between the layers, and cracks that
do not detach the coating. These failures could be critical if the surface would be loaded
more than once, which it would if it was an insert used in the real application. Since the first
chipping occurred between the layers in the coating and not between the coating and
cemented carbide, the acoustic emission data cannot be used to determine the critical load,
based on that failure mode.
180
160

2145

1221

3314

4432

5553

6666

140
Load [N]

120
Lc 10 vol%

100

Lae 10 vol%

80

Lc 20 vol%

60

Lae 20 vol%

40
20
0
00:00:100

73:27:00

82:18:00
50:25:25 70:18:12
Sample (Fe:Ni:Co in wt%)

15:85:00

Figure 14: Comparison of the trends of the critical load and critical acoustic load. Numbers above indicates the ranking.

This shows in particular that the trend of the first acoustic emission spike did correlate to the
trend of the critical load and for that reason could be used to quantitatively compare the
different binder phases. If one would chose to do so, a lot of time would be saved by not
needing to use EDS in the SEM. However, the failure modes and the scratch track
appearance would not be known. The recommendation is to keep using the SEM with EDS to
verify where the critical loads are.
The critical load should, according to the literature, increase linearly with increasing
hardness. This was not found in this work for either of the two binder phase amounts, see
Figure 15 and Figure 16. Figure 15 shows two distinct groups by the way it is presented. This
would not be as obvious if the hardness-axis started at zero. A linear increase of LC with
increased hardness was not found with these samples. The groups do not distinguish in
critical load, but rather in hardness. The two samples that stand out are the two most
martensitic. The groups are not as clear for the samples with 20 vol% binder phase, but more
spread out, see Figure 16. This could be the effect of the higher amount of binder phase. The
binder hardness naturally have a stronger effect on the cemented carbide hardness at high
volume fractions.
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Figure 15: Hardness vs. critical load, LC, for the samples with 10 vol% binder phase and their standard deviations.
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Figure 16: Hardness vs. critical load, LC, for the samples with 20 vol% binder phase and their standard deviations.

The reason for not getting any chipping down to the cemented carbide could be the
multilayer structure of the ceramic coating. The cracks that occur might not propagate
further than to the next layer. The crack get to a halt and the entire coating does not
exfoliate. This has previously been seen in a scratch test study of multilayer coatings [29].
The multilayer structure therefore increase the scratch resistance and improve the adhesion.
Today's coatings and manufacturing methods are optimized to get the best possible insert
with cobalt as binder phase. Any large changes of these two things would be problematic,
and something to avoid. It was proven that the coating's ability to grow on the cemented
carbide was not affected by the binder phase. It would be advantageous to find a cemented
carbide with alternative binder phase that could be manufactured the same way as today's
inserts. The presently investigated grades proved to be a good starting point where one later
can start optimizing the turning insert.
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The question still remains if scratch testing is a good method to test the adhesion of
multilayer ceramic coatings on cemented carbides. When performing the tests in this thesis
work no chipping of the coating occurred, which was not what was expected. It is not certain
that it is the adhesion that was tested, it could for instance be the hardness of the coating or
its ability to deform the same way as the cemented carbide. It is most likely not just the
hardness of the coating that is measured because then the critical loads would be more
similar. Scratch test could be a method to measure the difference in the ductility and maybe
the hardness of the coating and cemented carbide. If the coating plastically deforms more or
less than the cemented carbide, the tension in the interface will increase to a point where it
might detach. This could be defined as adhesion in a practical engineering sense.
Furthermore, the correlation between the scratch test and actual turning test is another
large question. Just because a sample gets high critical load does not necessarily mean that
the sample would perform well in a turning test. Turning tests strain the samples much more
severely than do scratch tests does, exposing it multiple times to much larger forces and
extremely high temperatures.
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6 Conclusions
Twelve samples with the six different binder phases and two different binder phase amounts
were studied and compared with respect to adhesion of the multilayer ceramic CVD coating.
The conclusions from analyzing both the structural and mechanical properties are:









The multilayer ceramic coating's grain structures were similar on all cemented
carbides, which shows that the coating is able to grow in a similar way on all
cemented carbides regardless of the binder phase.
The right amount of alloying elements with an iron matrix in the binder resulted in
martensitic binder phase, which substantially increases its hardness.
Higher hardness of the cemented carbide was not found to give higher critical load in
the scratch test.
Contrary to what was expected, no chipping of the coating down the cemented
carbide was found in any of the scratch tests.
The binder phase with 73 wt% iron and 27 wt% nickel resulted in similar or better
critical load (LC) and the critical acoustic load (LAE) as the cobalt.
No austenite to martensite transformations during the scratch tests were found in
any of the binder phases by XRD-analyzes.
The adhesion is too good on all cemented carbides to be able to use the scratch test
to determine the adhesion of the coating.

6.1 Future work
One of the interesting questions for the future work is if creating deformation martensite
during the first scratch is necessarily a good thing for a turning insert. Another interesting
thing in the future work is to see what happens when the surface were it might have formed
deformation martensite is loaded repeatedly.
Throughout the work and from the discussion some additional possibly interesting ideas
have been elicited for the future work.






Turning tests of the 73:27:00 10 vol% to determine its turning insert properties.
Determine if scratch test correlates with turning test.
Manufacturing new cemented carbides with similar binder phases as the 73:27:00
that also might get high critical load during a scratch test.
Make broader scratches to facilitate XRD-analyzes and examine if there is
deformation martensite under the scratch track.
Determine if creating deformation martensite will result in a good turning insert.
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APPENDIX A: Scratch test
Table 4: Data from the scratch test including start and end load, critical load and critical acoustic load for all samples with
10 vol% binder phase.

Scratch 1
Scratch 2
Scratch 3
Mean
STNDEV

Scratch 1
Scratch 2
Scratch 3
Mean
STNDEV

Scratch 1
Scratch 2
Scratch 3
Mean
STNDEV

Scratch 1
Scratch 2
Scratch 3
Mean
STNDEV

Scratch 1
Scratch 2
Scratch 3
Mean
STNDEV

Scratch 1
Scratch 2
Scratch 3
Mean
STNDEV

00:00:100
Start load [N]
80
80
80

10 vol%
End load [N]
160
160
160

50:25:25
Start load [N]
70
60
70

10 vol%
End load [N]
150
140
150

70:18:12
Start load [N]
80
60
70

10 vol%
End load [N]
160
140
150

73:27:00
Start load [N]
70
80
80

10 vol%
End load [N]
150
160
160

82:18:00
Start load [N]
80
80
80

10 vol%
End load [N]
160
160
160

15:85:00
Start load [N]
80
60
60

10 vol%
End load [N]
160
140
140

Critial load [N]
123
158
150
143,7
18,3

Critical acoustic load [N]
117
113
122
117,3
4,5

Critial load [N]
105
133
125
121,0
14,4

Critical acoustic load [N]
90
105
116
103,7
13,1

Critial load [N]
128
116
113
119,0
7,9

Critical acoustic load [N]
94
98
106
99,3
6,1

Critial load [N]
145
147
157
149,7
6,4

Critical acoustic load [N]
106
105
117
109,3
6,7

Critial load [N]
130
139
131
133,3
4,9

Critical acoustic load [N]
103
112
109
108,0
2,1

Critial load [N]
118
113
117
116,0
2,6

Critical acoustic load [N]
100
88
95
94,3
6,0
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Table 5: Data from the scratch test including start and end load, critical load and critical acoustic load for all saples with
20 vol% binder phase.

Scratch 1
Scratch 2
Scratch 3
Scratch 4
Mean
STNDEV

Scratch 1
Scratch 2
Scratch 3
Mean
STNDEV

Scratch 1
Scratch 2
Scratch 3
Mean
STNDEV

Scratch 1
Scratch 2
Scratch 3
Mean
STNDEV

Scratch 1
Scratch 2
Mean
STNDEV

Scratch 1
Scratch 2
Scratch 3
Mean
STNDEV

00:00:100
Start load [N]
80
70
60
80

20 vol%
End load [N]
160
150
140
160

50:25:25
Start load [N]
60
60
70

20 vol%
End load [N]
140
140
150

70:18:12
Start load [N]
60
60
70

20 vol%
End load [N]
140
140
150

73:27:00
Start load [N]
80
70
80

20 vol%
End load [N]
160
150
160

82:18:00
Start load [N]
70
70

20 vol%
End load [N]
150
150

15:85:00
Start load [N]
80
40
60

20 vol%
End load [N]
160
120
140

Critial load [N]
137
97
81
149
116,0
32,2

Critical acoustic load [N]
87
86
71
109
88,3
15,6

Critial load [N]
122
109
144
125,0
17,7

Critical acoustic load [N]
111
110
119
113,3
4,9

Critial load [N]
114
98
133
115,0
17,5

Critical acoustic load [N]
101
102
104
102,3
1,5

Critial load [N]
139
115
149
134,3
17,5

Critical acoustic load [N]
118
113
118
116,3
2,9

Critial load [N]
141
133
137,0
5,7

Critical acoustic load [N]
108
90
99,0
12,7

Critial load [N]
98
97
112
102,3
8,4

Critical acoustic load [N]
86
83
91
86,7
4,0
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APPENDIX B: XRD-analyzes
Cross section of the cemented carbides:

Figure 17: XRD-patterns of the four cemented carbides with 20 vol% iron-rich binder phases cross sections in the 2Θ
region 42° < 2Θ < 52°. A = austenite (fcc) peak and M = martensite (bcc) peak.
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Scratch track:

Figure 18: XRD-patterns of 70:18:12 20 vol% from surface coating (blue) and from scratch track were the cemented
carbide was exposed (red). The intensities of the martensite and WC-peaks have increased due to coating removal.

Figure 19: XRD-patterns of 50:25:25 20 vol% from scratched parts. The adjacent coating contributes to increased
intensity, i.e. TiN (200) is visible. If there are any austenite peak present, it probably is shadowed by the Al 2O3 (113)
reflection.
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Figure 20: XRD-patterns of 73:27:00 from surface coating (blue) and from scratch track were the cemented carbide was
exposed (red).

Figure 21: XRD-patterns of 82:18:00 20 vol% from surface coating (blue) and from scratch track were the cemented
carbide was exposed (red). Al2O3 reflections (113), 43.356 2 and (024), 52.440 2 may shadow the reflections
belonging to the austenite phase.
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