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1. Sammanfattning på svenska
Vid sintring av hårdmetall och cermets har det sedan länge varit känt att det ibland bildas ett skikt av
bindefas, kobolt (Co), på ytan av sintrade ämnen. Ytkobolten är i de flesta fall oönskad, eftersom den:




försämrar vidhäftningen av skikt som läggs på skäret i t. ex. CVD- eller PVD-processer.
för obelagda skär innebär drastiskt förkortad livslängd, t ex vid metallisk bearbetning så kan
kobolten på grund av sin låga smältpunkt svetsas fast på motytan vid initial kontakt varpå
spånet eller motytan drar med sig den bildade svetsfogen och förstör eggen.
rent kosmetiskt ger ett väldigt dåligt intryck hos kunden eftersom den ofta har en ojämn
distribution.

För att undvika detta måste skären efter sintring efterbehandlas med t. ex. slipning eller blästring för
att få bort kobolten och denna efterbehandling är dyr och problematisk.
För vissa tillämpningar är däremot det helt omvända nödvändigt. Kobolt ger väldigt bra vätning i fall
det sintrade ämnet ska lödas eller svetsas fast, t. ex. vid tillverkning av sågtänder som löds fast på
sågklingor. Ifall sintringsprocessen då ger skär utan ytkobolt måste även här efterbehandling göras,
t.ex. genom elektrodeponering. I båda fallen är det en stor fördel om man kunde styra
sintringsprocessen åt det ena eller andra hållet, så att man kan få skär antingen med bra täckning
eller helt utan. Följande arbete är alltså relevant för två tänkta produktionsenheter som tillverkar
cermets.
I produktionsenhet 1 vill man kunna tillverka cermetsskär utan ytkobolt, vilket man i dagsläget har
problem med. Följden blir att skären måste efterbehandlas med blästring, ett stort problem som då
följer med just cermets är deras höga hårdhet som medför att många skär får sprickbildningar och
måste kasseras.
I Produktionsenhet 2 tillverkas sågtänder och man använder en process som ger bra ytkobolt för de
flesta cermetsorterna, dock inte så bra som man önskar för vissa sorter och just dessa har dessutom
problem med porer i ytskiktet. Erfarenheter i produktionen säger att ytkoboltbildningen också är
beroende av ugnslasten, s.k. chargeviktsberoende, och produktionen måste planeras för att alltid
kunna sintra laster på minst 75-80% av en full ugnslast.
Målet med detta arbete har varit:





att göra en litteraturatudie inom ämnet ytkoboltbildning (engelska Co-capping).
att genom experiment undersöka hur vissa betingelser under sintringsprocessen påverkar
ytkoboltbildningen, såsom olika gasflödeshastigheter, olika tryck (inklusive vakuum och
högtryck (50 bar)) samt hög och låg kolaktivitet mha CO respektive Ar.
att med ovanstående som underlag föreslå förändringar av processparametrar i
Produktionsenhet 1 för att minimera ytkoboltbildningen för cermetsorterna A, B och C.
att med ovanstående som underlag föreslå förändringar av processparametrar i
Produktionsenhet 2 för att minska chargeviktsberoendet, minska porositeten och samtidigt
bibehålla (eller i optimalt öka) mängden bildad ytkobolt för cermetsorterna A, B och C.
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Arbetet har genererat följande resultat:
I den litteratur som hittats relateras ytkoboltbildningen framförallt till kolaktiviteten i
ugnsatmosfären, densitetsförändringar i ämnet och/eller ytspänning. Den kan styras genom att ha en
kolaktivitet i ugnsatmosfären som är högre eller lägre än kolaktiviteten i det sintrade ämnet.
Litteraturstudien visade också på att ytkobolten uppkommer under avsvalningen och mer specifikt
när bindefasen (kobolten) stelnar. Experimenten var därför mestadels inriktade på
processparametrarna under avsvalningen.
I experimenten som utfördes så visade det sig att det slutgiltiga resultatet påverkades väldigt
påtagligt av atmosfären under avsvalningen. Resultaten visar att det finns flera sätt att förhindra
ytkoboltbildning på cermets, t ex genom högtryck (50 bar) eller kolmonoxid (hög kolaktivitet) under
avsvalning. Även avdunstning av kobolt kan åstadkommas genom låga tryck förutsatt att
ytkoboltbildningen sker vid tillräckligt hög temperatur. Avdunstning påverkar alltså inte själva
bildningen av ytkobolt, men däremot det slutgiltiga och upplevda resultatet, något som tidigare
arbeten om ytkoboltbildning inte diskuterat. Avdunstning kan till viss del förklara de problem man
haft inom produktionen i Produktionsenhet 2, eftersom man generellt använder sig av låga tryck
under avsvalningen. Att olika sorter upplevs mer eller mindre känsliga kan förklaras med att olika
sorter har olika smältfasintervall. Detta innebär att ytkobolten ”genereras” vid olika tidpunkter under
avsvalningen och exponeras således för olika temperaturer om den generats tidigt eller sent.
Vid avdunstning av kobolt blir koboltaktiviteten i atmosfären, även mycket lokalt, en viktig faktor och
bitar i områden i ugnen med högre koboltaktivitet kommer att vara täckta med ytkobolt även om
totaltrycket är lågt. Detta förklarar varför man i Produktionsenhet 2 har observerat ett
chargeviktsberoende, eftersom större ugnslast också resulterar i högre koboltaktivitet. Man kan
också dra samma slutsats av observationen att undersidan av skären ofta har mer ytkobolt kvar efter
processer med låga tryck under avsvalningen, samt att de problematiska skären alltid ligger i
utkanten av öppna tallrikar där det är svårare att bygga upp koboltaktivitet.
Förslaget till Produktionsenhet 1 lyder därför att öka halten av kolmonoxid under avsvalningen.
Förslaget till Produktionsenhet 2 är istället att öka totaltrycket tills man minimerat avdunstningen
men fortfarande erhåller ytkobolt. Detta skulle i sin tur möjliggöra att sintra olika sorter i mer
anpassade sintringscykler tack vare det reducerade chargeviktsberoendet. Mer anpassade
sintringscykler innebär att de sorter som egentligen kräver det, kan sintras vid högre temperatur
vilket skulle minimera kvarvarande porositet.
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2. Background, Motivation and Goals of the project
When manufacturing cemented carbides and cermets, one usually starts milling a powder with
desired composition, basically a harder constituent, such as WC for cemented carbides and Ti(C,N)
for cermets with a softer metal, like Co and/or Ni that later forms the so called binder phase. For
different purposes, such as grain growth inhibition, elements like V, Cr etc. are added and form
“cubic carbides”. Different compositions regarding binder phase, WC and other additives are referred
to as certain grades. A commonly observed phenomenon is the formation of a surface layer of binder
phase for some WC-grades and cermets [1]. This formation and the formed layer itself will
hereinafter be referred to as Co-capping. It can appear to be a random occurring phenomenon, since
same grades in a process can exhibit Co-capping in one furnace, but not in another. Also, even if
samples of the same grade have been processed with the same parameters in the same furnace,
some may exhibit Co-capping while others do not. [2]. However, Co-capping is not random, as will be
discussed later in this thesis.
Co-capping on the sintered cemented carbide or cermet is in many cases undesired and has to be
removed by blasting or grinding from the surface in an additional step after sintering. There are three
main reasons for this [3]:




Mass balance – Co-capping will most likely deplete the region below the surface of binder
phase and influence the toughness of the material.
Decrease in adhesion – if the sintered sample (blank) is to be coated, Co-capping will
decrease the adhesion and quality of the coating.
Cosmetic – variations in the surface appearance will make a bad impression on the customer.

The problems described above is exactly the case at a production unit, hereinafter be referred to as
Production unit 1. In this production unit, cermet blanks are produced of three different grades,
referred to as grade A, B, and C in the following. The sinter process produces inserts with uneven
distributed Co-capping, as seen in fig. 1, which shows cermet blanks of the same grade taken from
the same tray. The Co-capping must be removed, both in cases the blanks are to be coated trough
CVD, or if the blanks are to be sold uncoated (sometimes the sintered blanks are sorted after Cocapping level and similar blanks are given to the same customer). This post-treatment (blasting) of
cermet blanks is very problematic, since their brittleness may lead to cracks. A large amount of the
blanks are therefore discarded. Otherwise standard measurements show low porosity levels in the
sintered blanks and Hc (magnetic coercivity, indicates grain size) and Com-values (cobalt magnetism,
indicates mainly high or low C-content) are near target (see further description in chapter 5).

Fig. 1. Cermet blanks (grade B) taken
from the same tray in Production
unit 1. The shiny area is cobalt.

In contrast, for certain applications, when the sintered pieces are brazed or welded to other parts,
Co-capping gives beneficial properties due to improved wetting. Normally for such applications,
cemented carbides and cermets with no Co-capping are electroplated before welding. There are
5

other ways to increase the wettability of the brazing alloy as well; i.e. toney treatment, an etching
method [4], and tumbling. But there are many problems with these methods since they may lead to
flaking of the metal coating (before and after brazing) and poor brazeability due to “dirty” brazing
surfaces. For this reason Co-capping produced during sintering would be beneficial, as long as the
properties of the insert can be preserved.
This is the case at another unit, hereinafter referred to as Production unit 2. It uses a sintering cycle
developed in order to produce Co-capping (also here grade A, B and C are used) for subsequent
brazing onto other parts. However, the process presents difficulties for some cermet grades due to
porosity in the near surface zone after sintering. Furthermore, experiences from the production have
shown that the Co-capping is charge weight-dependent and therefore, sintering cannot be done
before a charge of at least 75-80% of a full charge is ready for sintering (sinter dummies are used in
cases when sintering must be run without enough charge weight). This has also made it necessary to
mix different blank sizes in the process that in the desired case would be sintered in different
processes, since different sizes requires different debinding time etc. [5] Fig. 2 shows the pattern that
occurs when the charge weight is too low; the blanks closest to the tray edge become dull grey (no
Co-capping) during sintering. Standard measurements show that porosity levels are too high in the
surface zone for grade B and C, also Hc and Com-values are steadily below target, which indicate that
the process generates too much grain growth and a loss of carbon.
Consequently, it is clear that the Co-capping phenomenon during the sintering of cermets is an
important problem which needs to be controlled for both the production units. The goals of this
master thesis are therefore:





To make a literature study on Co-capping.
To investigate how different experimental conditions affect the Co-capping during the
sintering process, including varying gas flow rates, pressure (including vacuum and high
pressure (50 bar)) and low and high C-activites through Ar and CO respectively.
To combine results from the literature study and the experiments to suggest changes in the
process at Production unit 1 in order to minimise the Co-capping for the cermet grades A, B
and C with maintained quality.
To combine results from the literature study and the experiments to suggest changes in the
process at Production unit 2 in order to reduce the charge weight dependence and porosity
while keeping the same (or higher) Co-capping level for the cermet grades A, B and C with
maintained quality.

Fig. 2. Tray with blanks from production unit 2. When present,
poor Co-capping occurs near the tray edge whereas, in the
center, blanks with shiny Co-capping are seen, according to
production staff.
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3. General Sintering Theory
3.1 Green Body Production
In sintering theory, one speaks of “green bodies”, which refer to pieces of powder that has in some
way, usually through pressing, been shaped into a desired geometry. The powder is produced from
raw materials, often different metal oxides that have undergone a reduction reaction into metal
powder and subsequently mixed and milled together with an organic binder, usually poly
ethylaneglycole (PEG), which makes the powder less reactive and makes it possible to shape in the
pressing. Any certain composition, including specification on grain size etc., is referred to as grade.
The green bodies are then placed on trays and sintered, which will be described in the following
sections.

3.2 Debinding
The first step in the sintering process is to remove the organic binder, which is usually done by
flowing H2 gas in the furnace. The temperature in the furnace is usually stepwise increased up to
450 °C during this step. The PEG molecules decompose to gaseous products such as CO, H2O, CO2,
CH4, alcohols etc. [5]. The flowing gas also transports reaction products out from the furnace and is
usually burned outside. It is important that the debinding time is not too short since this will lead to
residual organic compounds remaining in the green bodies.

3.3 Heating and Solid State Sintering
Heating or vacuum heating (since it is usually done in vacuum) is the step that takes the blank into
the liquid phase sintering step, but is also important in itself. The powders still contain oxides after
the milling process that must go through a reduction reaction again to avoid structural defects, such
as porosity. The reduction is carried out with carbon as reducing agent (CO2 and CO are formed) in
vacuum conditions. The reaction products are pumped away. During the temperature increase the
solid state sintering stage starts [5].
The driving force in sintering is the reduction of the total surface energy. After pressing, the so called
green bodies have a pore volume of 25 vol.% [6] and 25 vol.% of binding PEG. This gives rise to a high
total surface energy, since the free surfaces of the particles represent a higher energy than internal
boundaries, i.e. grain boundaries. Thus, the system can lower its total energy by converting free
surfaces to grain boundaries and eliminating pores by vacancy migration to the surface and this
processes are initiated in the solid state sintering. Powders with finer particle sizes have higher
surface energy and therefore sinter more easily. Altogether, about 40-75% (depending on grade) of
the total shrinkage occurs during the solid state sintering. Generally, surface diffusion and transport
occur already at lower temperatures, while bulk transport requires higher temperatures.

3.4 Liquid Phase Sintering
By rising the temperature, the eutectic temperature in the system is reached (see fig 4), this means
that the binder phase, usually Co, melts. This stage is called liquid phase sintering (LPS), since the
temperature during this stage in a sintering cycle is constant, one often speaks of the “holding time”
when talking about LPS. The melting (and solidification) temperature is influenced by the grade
composition, e.g. C plays a fundamental role, which could be seen in the phase diagram in fig. 4 (note
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that this phase diagram is a cross-section of the ternary phase-diagram with fix 10 wt.% Co, the
phase diagrams of the grades is much more complex, but this serves well to describe the principle).
As seen; the amount of C determine the amount liquid Co at a given temperature, but also the
amount of W/WC in solid solution. In classical sintering theory, the liquid sintering is divided into
three different stages [6] [7]:
1. Rearrangement - capillary forces caused by the wetting liquid phase is present between the
solid powder particles, pulls the particles together. The rearrangement takes place by viscous
flow of the liquid.
2. Solution-precipitation process - after the rearrangement, only a thin film separates the
particles. Due to compressive stress in the contact points the material is transported away
from the contact points through the liquid and precipitates on surfaces with the lowest stress.
3. Coalescence - if particles are brought into contact with each other, contacting grains of
dissimilar size fuse into a single grain by a continuous process of grain growth, grain
reshaping and grain rotation, see fig. 3. As a consequence the number of grains decreases
continuously. This means that the grain size is dependent on temperature and the length of
the liquid sintering step.

Fig. 3. Particles of different size fuse into a single grain. [6]

Fig. 4. A cross-section of the ternary W-Co-C phase diagram at 10
wt.% Co. The liquid phase sintering is carried out in a
temperature where the Co is in liquid state. [10]

3.5 Cooling
In classical sintering theory the cooling stage has received little attention. However, it has been an
important parameter in production, since rapid cooling can cause temperature gradients in the
furnace. A controlled slower cooling might give a more uniform temperature distribution in the
furnace. For the Co-capping, however, it is a fundamental matter, which will be described in more
detail in chapter 4.
8

3.6 Cermet Distinctions
There are several significant distinctions between cermets and cemented carbides of WC-Co type
(often referred to as “hardmetal”). In the latter, grains of the hard hexagonal tungsten carbide phase
are surrounded by the tough face centered cubic Co binder phase. In cermets the WC has been
replaced by the cubic NaCl-type MX phase (γ-phase), where MX are monocarbides, such as TiC, VC,
NbC, TaC etc. [8]. The cubic carbides have a high mutual solubility and several kinds of mixed carbide
systems are possible. As a consequence, the MX grains in cermets typically contain more than one
type of carbide showing a core-rim structure (see fig. 5). The cores often consist of pure TiC or Ti(C, N)
and are residues of non-dissolved raw material powder. It has been shown that they are neither
dissolved or altered at temperatures up to 1450 °C and in Ti(C,N)-based cermets, the Ti(C,N) cores do
not grow during sintering [9]. The rims are generally supposed to grow on the cores by a solutionprecipitation process during liquid sintering. The driving force is the same as in the usual WC-Co
sintering. The rim may sometimes be divided in an outer and an inner rim where the latter is
enriched in heavier elements [8] [9], such as W, Ta and Mo. The binder phase, Co and/or Ni do not
dissolve in the core or the rim but there is a solubility of mainly Ti, Mo and W in the binder phase.

Rim

Core

Fig. 5. SEM BSE image 5000x magnification.
Picture showing the typical core-rim
structures of cermet (grade A). The diameter
of the cores in the figure are 0.3-1 µm.
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4. Literature Study - Cobalt Capping Theory
The mechanism behind Co-capping has not yet been generally agreed upon, but it has been the
subject matter of several studies and patents and several models for the Co-capping process have
been proposed (see [1][2][3][10][11][12]). Some of the works are limited to WC-Co grades, but it
seems like the behaviour of WC-Co and cermet grades corresponds to a large extent.

4.1 Liquid Migration Pressure
From the mechanisms for general sintering theory (see chapter 3) it is apparent that there is mass
transport during sintering. For transport of the liquid binder phase (Co) this process is usually
referred to as liquid phase migration (LPM) and the driving force is the liquid migration pressure,
which was described by Fang et al. [13] through the following empirical relationship:
(

[ ]

[ ]

)

(

)

⁄

(1)

where Pm [P] is the liquid migration pressure, u is liquid Co volume fraction, ∆x[c] is the difference in
molar fraction of C in the liquid Co phase in respect to stoichiometry, and d [m] is WC particle size.
Since equation (1) is valid for WC-Co grades (without additives) it may not be directly applicable for
cermet grades, but it can be assumed that the included parameters are relevant also for cermets.
The equation shows that there will be a liquid migration pressure on the liquid Co towards areas with
(1) finer particles, (2) lower C content and (3) lower liquid Co fraction (see illustration in fig. 6).
The LPM may give understanding to observations made in the production. For example, grades with
fine particles get Co-capping easier than coarse grades. This is probably due to the increased force on
the liquid caused by any of the factors that affects the LPM; liquid Co fraction; amount of C in the
liquid and the WC particle size.

Fig. 6. Schematic figure of the different factors
that influence the Co migration pressure. [14]

4.2 Carbon Gradient Theories
The first attempt to describe the Co-capping mechanism is found in a Japanese patent (JP63169356,
1988) also found in the US patent [11] named “Surface-refined sintered alloy body and method for
making the same”. The method is a sintering process with a holding time at around 1300 °C, where
solid and liquid Co co-exist. It derives the Co-capping from a decarburising atmosphere in the furnace,
which is achieved through CO2 gas. It is well-known in production of cemented carbides and cermets
that they lose C (and N) at high temperatures if the C-activity in the furnace during the process is not
10

balanced with the C-activity in the sintered bodies. A decarburising atmosphere (i.e. a C-activity in
the furnace lower than the C-activity in the sintered bodies) during heating of the sample will
decarburise the surface and reduces the C concentration at the surface as shown by the arrow in the
schematic phase diagram in fig. 6 (compare with the phase diagram in fig. 4, note that the Japanese
authors use a reverse scale for the C content). The composition reaches the solidus line, and makes
Co solidify. The system will compensate by drawing more liquid Co towards the surface. By
continuously repeating this process Co enrichment on the surface is achieved. Thus, the Co-capping is
assumed to be related to the carbon potential (difference in carbon activity between the bulk and
the atmosphere). The potential is a non-equilibrium condition, and the Co-capping is developed in
order to equilibrate the system.
Very similar conclusions were drawn by Guo et al. [10]. When the WC-Co sample is held at a
temperature T between the liquidus and solidus lines, the volume fraction of liquid Co and solid Co
are uniform in the whole sample. Then, if the sample is exposed to a decarburising atmosphere, the
C content of the liquid Co in the surface region decreases and the solidification temperature of liquid
increases to a temperature above T. Thus, the liquid phase in the surface region is undercooled due
to the surface decarburisation and solidifies. The solidification of the undercooled liquid Co in the
surface region decreases the volume fraction of the liquid Co and increases the volume fraction of
solid Co, which results in a non-equilibrium, with less liquid Co in the surface region. The system will
compensate the non-equilibrium by driving the liquid Co to migrate from the interior towards the
surface region. Since the migrated Co becomes decarburised near the surface, this procedure will be
steadily on-going and a Co enriched zone and/or Co-capping can be formed. Guo et al. [10] further
noted that slow cooling rate is favourable for the formation of Co-capping, in the study “slow” was
set to 5°C/min.

Fig. 6. Schematic phase diagram (cross-section of the ternary phase diagram W-Co-C,
with fix amount Co), note the reverse scale of the C-content compared to fig. 4. [11]

4.3 Thermal Contraction Theory
Janisch et al. [12] suggest that Co-capping is a result of the thermal contraction of the hard metal and
shrinkage of the binder due to solidification, since the density of pure Co melt is 7.75 g/cm3 and solid
Co is 8.79 g/cm3. With help of dilatometry, the shrinkage vs. temperature was plotted; showing a
significant shrinkage step related to the solidification (see fig. 7). This shrinkage step was also larger
with increasing C content in the grade. The influence of C would here be as an initiator of where the
solidification; if the innermost part of the sample solidifies first, it will start a contraction front and
consequently squeeze out melt between the grains and cause the Co-capping. According to the Co11

W-C phase diagram the area with lowest carbon content will solidify first. Janisch et al. suggests that
this happens in N2 atmosphere, because, in contrast to the above suggested mechanisms, they
suggest that N2 actually carburises the surface since N2 releases the C in the cubic carbides Ti(C,N).
A set of experiments was performed by Janisch et al. where the cooling was interrupted and the
sample quenched at different temperatures (see fig. 8). When the sample was quenched at 1320°C
no Co-capping was formed; when quenched at 1310°C some Co-capping had formed and finally,
when quenched at 1310°C the Co-capping covered almost the whole sample. From these results they
concluded that the Co-capping occurs at a specific temperature for each grade during the cooling.
Also here they observed that the cooling rate must be sufficiently slow. The slowest cooling rate here
was 4 °C/min.

Fig. 7. Dilatometery data showing the shrinkage step of the
sample. [12]

Fig. 8. Blanks from experiments when the sintering
was quenched at different temperatures, showing
that the Co-capping occurs within a specific
temperature interval. [12]

4.4 Surface Tension Theory
Sachet et al. recently published an article which gives interesting contributions to the subject of Cocapping [2]. Through a camera mounted in the furnace, they could follow the process and see when
the Co-capping occurs. The most noticeable observation is the very short temperature interval for
the Co capping: 1-2 °C (30-120 seconds) depending on the grade composition. They propose that any
transport towards the surface, as suggested by [10], [11] or [12], is just a first step of the process. In
their opinion, these mechanisms are not fast enough to explain their observations and do not yield
the Co-capping itself. Instead, they suggest that the surface tension of the liquid Co causes the Co
layer formation. They observed “Co domes” (as in fig. 9) at the surface after sintering, which they
claimed supported their theory since liquids with high surface tension strives to reduce the
surface/volume ratio. If such domes reach a critical volume, it can be energetically beneficial for
them to further increase in size, a process that would explain the fast formation of Co layer. Thus, an
initial amount of Co must be transported to the surface.

Fig. 9. Observed domes of surface Co. [2]

Fig. 10. Schematic drawing of the layer formation sequence. [2]
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They claim that the presence of geometries such as “blocky carbides” (the triangular shapes seen in
fig. 10), existing on the surface of the samples in their experiments (notice that such shapes are not
present in cermets, which would make that explanation valid only for cemented carbides), can
drastically influence the binder transport and statistically serve as the starting point for the Co-layer
formation. If liquid Co is transported towards such spots on the surface, it will first segregate
between the tungsten carbide crystals and then tend to curve and grow in size (as in fig. 10 a-d).
Since the decarburisation is going on and binder phase is transported towards the surface, more and
more of such spots and “nuclei” (points where surface migration is initiated) will occur.

4.5 Other Related Literature and Observations
In their patent [3], Weinl et al. disclose a method for sintering Ti-based carbonitride alloys (cermets).
By using CO during the latter part of the liquid phase sintering and cooling, a surface free from Co is
achieved. A CO pressure should be maintained for at least 10 minutes and until the binder phase in
the surface region of the blank has been fully densified in the cooling step. The explanation for this
behaviour is assumed to be that surface oxidation of carbonitride grains is a reversible process and if
the CO pressure is removed, no surface oxygen will be available and the liquid binder will have time
to spread at the surface. Furthermore, Weinl et al. explain the formation of the Co-capping as “a
natural consequence of the good wetting” and no further suggestion of the mechanism is given.
Another patent by Åkerman et al. [15] describes how to achieve cemented carbide with three
different phases and the effect of different amounts of Co binder phase. The core is built up by etaphase (M6C, M12C, i.e. low carbon content) containing the nominal content of Co. The core is
surrounded by a zone with relatively high content of Co which successively decreases out to the
surface zone (see fig. 11). The zone with high Co content gives toughness to the product, making it
much less brittle. This is achieved by initially using a powder with sub stoichiometric content of
carbon. During sintering an eta-phase containing cemented carbide is subsequently obtained. Using a
carburising heat-treatment at about the sintering temperature for 4 hours, the Co is “pushed”
inwards, the surface zone becomes eta-phase-free and a peak in Co content is obtained just outside
the core with nominal content of Co. The carburising atmosphere is CO/H2 in the examples which is
carburising, and from this it is understood the carburising atmosphere can “push” the Co inwards in
the sample.
Surface

Core

Fig. 11. Zones with different Co content; 1 is the carburized surface, from which Co has been
pushed inwards, 2 is the zone where the Co content is high, making it cushioning, and 3, the
core where the Co content is the nominal. [15]
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4.6 General Conclusions from the Literature Study
From the literature study some general conclusions can be drawn. The mechanisms behind Cocapping have not been generally agreed upon, but several different models have been proposed. The
conditions where Co-capping is promoted or inhibited seem however to be generally agreed upon.
The observations made by Sachet et al. [2] and Janisch et al. [12], show that the Co-capping occurs at
the cooling ramp, during a very short temperature interval. Therefore, any experiment parameters
can be limited to the conditions during the cooling step.
The C activity is in most cases considered a main factor, and the C potential can be used as a driving
force in both directions - to “push in” or “pull out” the Co. The C content of the blanks seem to affect
the sintered bodies in many ways, not just through the C potential, but also through the shrinkage
during solidification, since shrinkage increases with higher carbon content in the sample. Slow also
cooling seems necessary for Co-capping.
In fact, all the discussed mechanisms can contribute to the Co-capping; there is no obvious reason to
disqualify any of them, although some explanations are less accurate, e.g. attributed to particle
shapes that only are present in WC-based grades [2], or contradictory assumptions of where the in
the sample the solidification is initiated [12]. However, the literature study gives some suggestions
for experiments aimed for improvements in the production units. In Production unit 1, an increase in
the carbon activity at the cooling ramp should give satisfying results. In Production unit 2, the
process seem already corresponds very well with the Co-capping generative conditions found in the
literature study, since it uses a slow cooling rate and decarburising atmosphere at the cooling ramp
through Ar. However, some experiments should be made in order to find out whether a stronger
decarburisation atmosphere, such as vacuum is possible. Melting/solidification measurements of the
grades should also be made in order to understand more about the different behaviour of the
different grades.
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5. Experimental Procedure
5.1 Equipment
5.1.1 Furnaces
It is known that the outcome of the sintering process depends on the type of sintering furnace, a
good result in one furnace can -in the worst case- be hard to achieve in another. The sintering
furnace used within this study was a HDK4 (one stack, charge volume 4 litres, FCT Systeme GmbH)
which has the possibility to work under high pressure conditions (usually referred to as HIP -Hot
Isostatic Pressure) as well as vacuum. Earlier experiences have shown that there is a temperature
gradient in the HDK4, estimated to be as large as 50 °C between top and bottom (~20 cm altitude).
During the sintering experiments, the samples were placed at tray number 3 and 5 counted from the
bottom of the stack. Using this procedure, it was possible to investigate the influence of the
temperature gradients in the furnace.

5.1.2 Trays and Test Pieces
Test pieces were ordered from the Production unit 1 with the geometry seen in fig. 12, whose green
body size was about 15*15*5 mm, and whose the sintered body size was 12*12*4 mm. There are
several kinds of tray geometries. At the production line in Production unit 1 they are round with walls,
with a hole in the centre and a lid on top of each stack. In the Production unit 2, square, open trays
without hole in the centre are used. Within this study, round trays coated with ZrO2 and Y2O3 were
used.

Fig. 12. Cermet samples: green compact (right) and blank
(left) sintered in a process similar to the one in
Production unit 2. The size difference is because of the
shrinkage during sintering.

5.2 Short Description of Analysis Methods
5.2.1 Magnetic Saturation (Com)
Magnetic saturation is used as an indirect, quick and reliable method of measuring the carbon
content of sintered cemented carbide. The advantage of this method is the linear relationship
between the carbon content and the values of the magnetic saturation in the region of interest (WCCo). The carbon content can be estimated to an accuracy of 0.01% by magnetic saturation
measurements for samples which are prepared within closely comparable conditions. Based on the
solubility product relationship, it is well known that the amount of tungsten in solid solution in the
binder phase depends on the carbon content; with higher amounts of tungsten in solution in low
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carbon cemented carbides and vice versa (this could also be understood by the phase diagram in fig.
4). The magnetic saturation of the sintered cemented carbide increases as the amount of tungsten in
solid solution in cobalt decreases and vice versa. For cemented carbides, the magnetic saturation
value is called cobalt magnetism (Com), since Co is the magnetic constituent. For each grade, there
are certain limits that have been decided experimentally by the company which ensure that the
products have a certain quality. The unit is given in %. In practice the Com value is obtained as
follows:
[ ]

[

]

(2)

5.2.2 Magnetic Coercivity (Hc)
Magnetic coercivity (Hc, unit A/m) is covered by the standard method ISO 3206. It is a nondestructive evaluation of the microstructure, i.e. cobalt distribution and grain size of sintered
cemented carbides. The grain size component of the coercive force is inversely proportional to the
grain size of the alloy, meaning that high coercive force values indicate a fine grained microstructure
and vice versa. It should be noted that Hc measurements of Ni-containing grades cannot be
considered as an indicator of the quality of the cemented carbide since the relationship between
magnetic values and magnetic properties do not follow a direct relationship for these grades as they
do for the pure Co-binder grades. However, it is known that the “actual” values for Ni-containing
grades follow the same pattern as the values for the Co-grades without Ni. Generally it can be
assumed that high temperature and long liquid phase sintering times increase grain growth and thus
gives low Hc values. For products there are certain limits and target values for the Hc value.

5.2.3 Visual Inspection
In production, visual inspection of Co-capping is the primary analysis method. It is easy to determine
if Co-capping is present/sufficient or not, since Co-capping gives a blank a shiny surface. When there
are no Co-capping, samples are usually dull grey. Samples that are partly covered can also be found
and it is common that “blankness” is determined by visual inspection, both in production, as well as
in scientific literature [2]. In order to get a comparable and measurable results in this work, the
coverage was measured by digital area measurements, where a blank could be viewed in a
stereoscope (i.e. a camera) and different areas marked and calculated, giving a degree of coverage in %
(later referred to as “Co-capping%”).

5.2.4 Light Optical Microscopy and Scanning Electron Microscopy
Light optical microscopy (LOM) and scanning electron microscopy (SEM) of cross section samples
were used to investigate the structure of the samples and to measure the thickness of the Cocapping layers. LOM uses visible light and magnifies the image up to 2000 times through lenses.
These microscopes could be accessed very easily and were often used as a first step, before SEM
examination.
The SEM uses electrons instead of visible light and is very useful when studying cermets, since it gives
a very clear image of the structure and different phases. Images were taken in backscattered
electron mode (BSE), which allows the instrument to obtain images sensitive to atomic number. The
backscattered electrons are primary electrons that are reflected out of the interaction volume by
elastic scattering interactions with the samples’ atoms. In regions with heavy elements, the intensity
of the backscattered electrons will be higher since they are reflected more strongly; these regions
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will consequently appear as light in the image. In the samples, the variation of atomic number is large,
why the structure of the core-rim structure as well as eventual Co-capping in cermets is very clear.
The acceleration voltage used in these analyses was set to 10 kV.

5.2.5 Porosity Measurements
Porosity was measured with the ISO 4505 standard method. By comparing the LOM cross-section
image with pictures with certain classified porosity levels, the amount of small- and large sized pores
and free carbon could be decided. The small-sized pores are labelled AXX, where XX is between 00
(means no such pores) and 08 (maximum level of such pores). The large-sized pores and free carbon
areas are labelled BXX and CXX respectively.

5.2.6 Electron Probe Micro Analysis (EPMA, line-scan)
The EPMA is a SEM instrument equipped with a wavelength dispersive X-ray detector. The sample is
bombarded with by an electron beam, which causes the elements in the sample to emit X-rays at
their characteristic frequency; these X-rays can be then be detected by the electron probe. Analysis
was made on cross-sections by setting the electron probe to perform sweeps parallel to the surface.
For each sweep the average composition is calculated before the beam is moved perpendicular
towards the surface to perform the next sweep. In the analysis of the samples in this study a sweep
length of 300 µm was used and a distance of 10 µm between each sweep. The acceleration voltage
was set to 15 kV in these analyses. The usage of this method was very limited and only samples of
extraordinary interest could be analysed. Unfortunately, the whole equipment was moved from the
laboratory during the work with this master thesis and investigations could not be done for all
desired samples.

5.2.7 Differential Scanning Calorimetry, Thermogravimetry (DSC-TG)
The interval of melting and solidification was measured through DSC-TG. The samples are heated up
(or cooled) with a constant rate while the applied current is measured; melting and solidification are
endothermic and exothermic respectively, which result in a lower or higher current output to keep
the heating or cooling rate steady. The current output can then be evaluated and melting- and
solidification temperature intervals can be measured respectively.
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6. Results from Experiments
6.1 Effect of Gas Flow Rate and Pressure in mbar Interval
An observation from Production unit 2, where Co-capping is desired, was that the blanks close to the
tray edge more frequently had problems with insufficient Co-capping than those near the centre of
the tray. It was assumed that this was due to some kind of abrasive mechanism caused by the
flowing gas during the process and that a lower gas flow rate in that case would increase Co-capping.
First, a set of experiments with different flow rates was set up. However, after sintering it was
discovered that the desired low pressure was impossible to reach using full flow rate. A set pressure
of 4 mbar with 100% gas flow rate (Production unit 2 gas flow rate set as normalised 100%) gave an
actual pressure of 13 mbar since the pump in the HDK4 was too weak to maintain the low pressure
with the desired gas flow rate. When the gas flow rate was decreased, the pressure followed and
also decreased. In other words, flow rate and pressure were dependent in the HDK4 furnace within
this interval (4-13 mbar). As seen in fig. 13 it was a nearly linear relation between the gas flow rate
and the furnace pressure. Consequently, when plotting the total Co covered area of the sintered
samples after sintering (Co-capping%) vs. flow rate and Co-capping% vs. pressure, they look nearly
identical, as in fig. 14.
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Fig. 13. The pressure in mbar is plotted against the
flow rate in % (flow rate of the process used in
Production unit 2 sett to 100%), which indicates an
almost linear dependence in this interval.

Fig. 15. Stereoscope image of grade C
top surface from 4 mbar sintering.
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Fig. 14. Co-capping% vs. pressure which in the HDK4 is
dependent of the flow rate within the investigated
interval.

Fig. 16. Stereoscope image of grade C
top surface from 13 mbar sintering.

Fig. 17. EPMA line-scan analysis of grade
C's surface zone with Co-capping.

It was found, as seen in fig. 14, that Co-capping generally increased when the gas flow rate and
pressure were increased (note that Co-capping is desired in Production unit 2). I.e., the assumption
that high gas flow rate would cause worse Co-capping seems to have been inaccurate. At this point,
information about similar experiments on cemented carbides in another furnace was found that
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showed that the gas flow rate had little or no effect on Hc or Com-values [16], at least indicating that
the pressure may be the major factor here. The results do somewhat agree with the observation in
Production unit 2, that grade B and C are the most problematic regarding Co-capping, since they, and
especially grade C got significantly worse Co-capping when the pressure was lowered in the
experiments. The effect is very likely a result of evaporation, which became more evident when the
pressure was further decreased, as described in the next section.

6.2 Effect of Vacuum
The vacuum sintering experiments were done with the intention to create a strongly decarburising
atmosphere, which according to theory should create a strong C-potential (a difference in C-activity
between the bulk and the sample surface) acting as driving force for the transport of Co towards the
surface [10][11][12]. As mentioned earlier, the C-activity in the furnace needs to be balanced at high
temperatures, and if the C-activity in the furnace is below the one in the sintered bodies, the
atmosphere will act as decarburising. The experiments, however, unexpectedly showed that high
vacuum conditions (<0.01 mbar) during the cooling stage gave poor Co-capping. Different processes
were tested where vacuum was introduced at either 1370 °C on the cooling ramp or already at the
holding time and/or with different cooling rates. When the results from the vacuum sintering cycles
were summarised, a pattern was observed. The longer the samples were exposed to vacuum, the
worse the Co-capping was, and the earlier the vacuum was introduced, the more depletion of Co
from the surfaces. The EPMA-line scan analysis (fig. 19) showed a Co-gradient in the surface zone of
a typical sample, indicating that the Co had not been pushed in, but instead pulled out and most
likely evaporated due to decreased vapour pressure (compare with fig. 17, which is a sample with Cocapping). The same pattern can be seen in the SEM image in fig. 20. After a vacuum sintering it was
further noted that the thermocouple, that is placed in the center of the stack during sintering had
become shiny and covered with Co, which confirms that the Co has “moved” from the sample
surfaces (see fig. 18).

Fig. 18. Thermocouple covered with Co
after vacuum sintering.

Fig. 19. EPMA line-scan of grade C
sintered with vacuum introduced at
the holding time and during cooling.

Fig. 20. SEM BSE (5000x magnification)
of grade C surface zone.

The phenomenon occured to various extent for the different grades and the pattern was the same as
in the earlier pressure investigations (section 6.1). Grade B and especially grade C became more
depleted from Co at the surface when using vacuum during longer times, while grade A was barely
affected. It was noted for grade B and C that the bottom side of the samples, the surface against the
tray, sometimes had Co-capping even though all other sides were dull grey. It was further found that
the vacuum sinterings caused severe porosity in the surface zone of grade B and C, clearly exceeding
the specified product limits for these grades.
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6.3 Effect of HIP
The effect of HIP was investigated in two different ways. The first way was to apply HIP on the
cooling stage. The second way was to apply HIP during a short period during the holding time. The
first experiment resulted in samples with dull, brown-grey surfaces for all grades, as in fig. 21. The
micro probe line-scans showed straight Co-lines, which indicates that the HIP does not push the Co
far below the surface. It was however found that there were no pores remaining in any of the grades.
In the second way, HIP was introduced for 10 minutes during the holding time and removed before
the cooling stage started. At the cooling stage, a pressure that earlier had given good Co-capping,
namely 13 mbar, was used. The samples exhibited a shiny Co surface finish, as in fig. 22. Only one
small area at one of the grade C samples had a shifting tone. No porosity was observed which
showed that the two different conditions could be combined and in that way remove the porosity
and still achieve Co-capping.

Fig. 21. Typical sterescope image of a
sample sintered in process with HIP
(50 bar, Ar) during the cooling.

Fig. 22. Typical stereoscope image of
a sample sintered in process with HIP
(50 bar, Ar) during 10 minutes during
the holding time and 13 mbar Ar
during cooling.

6.4 Sintering Cycle with CO-flow (13 mbar) During Cooling
The intention with this sintering process was to investigate the effect of a carburising atmosphere
during the cooling, which was considered to be one way for Production unit 1 to decrease the Cocapping on the cermet blanks. The surfaces were all dull grey after sintering, and looked quite similar
to the HIP-treated blanks above (fig. 21). A detailed study with microscope and SEM, however,
showed some differences. The samples sintered with CO during the cooling had surfaces that were
not as rough as the HIP-treated. The porosity levels were also slightly higher (A02B00C00) compared
to the HIP-treated samples.

6.5 Effect of Shortened Debinding
If the debinding time is unsufficient, organic derivatives from the PEG are left in the bulk, which will
increase the C activity in the samples and enhance the Co-capping [5]. This phenomenon seems to
occur in the samples. When the debinding time is shortened the Co-capping is enhanced for both
grade B and grade C compared to the reference sintering with the same pressure (pressure set to 4
mbar and flow rate 25%). However, a further shortening of the debinding time did not give any
obvious enhancements.
Although this method proves to be a way to influence Co-capping, it cannot be recommended in
production. The C content must be controlled by the initial grade composition and not by unspecified
amounts of undebinded PEG. Remaining PEG causes increased porosity and free carbon for all grades,
not just in the surface zone, but throughout the entire bulk. The experiment does however confirm
that there is, as expected, a relationship between the C content in the sample and the Co-capping.
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6.6 Cooling Rate Dependence
In the literature on WC-Co, it is in most cases proposed that slow cooling rates are favourable for the
formation of Co-capping and that a fast cooling rate inhibits Co-capping. Based on this, experiments
were set up with different cooling rates: 1, 2, 3.5, 5 and 20 (1-5 °C/min were considered as
interesting for use in production, 20 °C was the fastest possible in the HDK4 furnace), in order to
investigate the effect on grade A, B and C.
However, the different cooling rates in the interval that could be tested showed no observable
difference in Co-capping for grade A and grade B, not even for the fastest cooling rate. Only grade C
showed decreased Co-capping when the cooling rate was increased, especially when the fastest
cooling rate was used (see fig. 23). For practical use, this result is interesting if applied in production.
Today in Production unit 2 a cooling rate of 1 °C/min is used in 250 minutes or more than 4 hours
(cooling to room temperature still takes up more time). If the cooling rate is doubled, to 2 °C/min,
the total process time can be reduced with 2 h with maintained Co-capping levels.

The cooling rate was also found to affect the Hc values. The faster the cooling rate, the
higher the Hc value, and vice versa. Since Hc is an indirect measurement of the grain size it
shows that the slower cooling rate obviously extends the grain growth period since the
samples remain for a longer time at liquid phase sintering conditions. For each grade, there
are specific limits for the Hc value that the sintered product must satisfy. The limits for grade
B and C (grade A contains Ni and its Hc cannot be measured in the same way) are illustrated
as the black bars in fig. 24 and it can be seen that only a cooling rate of 2 °C/min yields
blanks within the limits. This result once again suggests that an increased cooling rate to
2 °C/min should be favourable in Production unit 2.
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Fig. 23. Blank% plotted against the cooling rate for grade D,
other grades did not show any decrease in Blank%. For 1, 2
and 3.5 °C/min, the coverage is 100%, but for 5 and
especially 20 °C/min the coverage is decreased.
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Fig. 24. Hc value vs. cooling rate. In these experiments
the Hc values were within the specification limits only
for the cooling rate of 2 °C/min.
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6.7 Melting- and Solidification Curves
The melting- and solidification intervals were measured by DSC-TG. The results are summarised in
Table 1 and illustrated in fig. 25.
Table 1. Melting and solidification intervals [°C].
DSC-TG

Grade B

Grade C

1386,7

1392,5
1411,2

1405,3
1424,5

ΔT

19,6

18,7

19,2

Start solidifying
solidifying
Stop solidifying

1364,9

1396,2

1411,6

1331,6

1373,7

1387,3

ΔT

33,3

22,5

24,3

Start melting
Stop melting

Grade A
AAA
1367,1

The results reveal important information that can give clues to understand the Co-capping formation
results. Earlier observations suggest a relationship between solidification and Co-capping, and the
different grades have different characteristics of solidification. Grade C (considered the most
problematic grade when Co-capping is wanted) starts to solidify at the highest temperature, while
grade A (that “always” gets Co-capping), starts to solidify latest. It can also be seen that grade A has a
melting interval at significantly lower temperatures than grade B and C.

Fig. 25. Schematic drawing of the solidification intervals of the cermet grades.
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7. Discussion
The literature study showed that Co-capping occurs during the cooling ramp and that it is driven by a
C-potential between the furnace atmosphere and the sample bulk. Co-capping could be inhibited by
using CO-gas or HIP with Ar during cooling. These two different ways could however be the result of
the same mechanism; the CO was introduced with a total pressure of 13 mbar and in a closed
furnace with 50 bar Ar is quite likely that carbon from heat elements etc. could produce a C partial
pressure, of at least 13 mbar, which should give the same effect, but this need to be further
investigated before a conclusion can be drawn. It was further found that HIP removed porosity when
applied during the cooling stage, which gave rise to the idea to introduce HIP only during the holding
time and use ordinary decarburising treatment during cooling, which proved successful and could be
one way to solve the problems with porosity in Production unit 2.
The experiments revealed another phenomenon that has not been discussed in literature, namely
the evaporation of Co. It was at the beginning assumed that vacuum should act as a very strong
decarburising treatment and give a thick layer of Co. The assumption was correct in the context that
Co did migrate to the surface, which was shown in the EPMA line-scan, but once at the surface it was
evaporated because of the low pressure. Several observations support the suggestion that Co
evaporates; it was found that the thermocouple in the middle of the tray stack was covered with Co
after vacuum sintering which is a result of Co evaporation and condensation. It was further observed
that Co activity could be built up locally, e.g. in the space between the samples bottom surface and
the tray since the bottom surfaces generally had more Co left after vacuum sintering. This could
explain the observations in the Production unit 2, where the Co-capping is charge-weight dependent.
It was found in the pressure investigation that grade B and C get less Co-capping when the pressure
is lowered to the same pressure as in Production unit 2, which shows that the evaporation occurs to
some extent already in the mbar interval. But, if the charge-weight is high, it gives a higher Coactivity in the furnace when evaporation occurs and the pieces keep their Co-capping. If the chargeweight is too low, the natural consequence is that the pieces closest to the tray edge get worse Cocapping since the Co-activity will be lower close to the edge than in the centre, which also has been
observed in Production unit 2. An easy way to get rid of the charge-weight dependence is therefor to
simply apply a higher total pressure during the cooling.
The DSC-TG analysis showed the solidification intervals of the different grades, helping to explain
their differences in behaviour. Grade A has a significantly lower solidification temperature than grade
B and C. This explains two observations. Firstly, since the Co-capping occurs during the solidification,
it follows that the Co-capping is exposed to a higher temperature if solidification occurs at a higher
temperature, consequently, evaporation will be more severe for grades with the highest
solidification temperature, which explains why grade B and C are affected by low pressure and
vacuum while grade A is not. Secondly, Production unit 2 has problems with porosity in the surface
zone. The reason for this is that the sintering temperature is too low for grade B and C. The desire to
keep the charge-weight high has forced Production unit 2 to use a compromise temperature, which is
obviously not enough for grade B and C. The solution should also here be to increase the total
pressure during the cooling, which removes the charge-weight dependence and allows for separated
and optimised sintering cycles for the different grades.
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The literature study showed that slow cooling rates are beneficial for Co-capping. The influence of
cooling rates below 3.5 °C/min on the investigated cermet grades was however not apparent. The
experimental results showed that only grade C was incompletely coated when the cooling rate was
20 °C/min, which was the fastest cooling rate that could be performed in the HDK4. For grade C the
Co-capping decreased slightly already when the cooling rate was 3.5 °C/min and was approximately
50 % when the cooling rate was 20 °C/min. Furthermore, the cooling rate proved to have a significant
effect on the Hc value. At 1 °C/min, the Hc value was low, which is a consequence of the prolonged
time of liquid phase sintering and grain growth. Only when the cooling rate was 2 °C/min, was the Hc
within the limits of the product specification for all grades.
The evaporation of the Co-capping is not considered or discussed by the authors in the articles found
in the literature study [2][3][10][11][12], which make some of their observations somewhat
misleading. As seen in fig. 26 from the article by Janisch et al. [12], samples sintered with different
cooling rates are compared. It can be seen that the fastest and the slowest cooling rates both give
the worst results. It is very interesting to note that the grade labelled “D” in fig. 26 is a cermet grade
and that the slowest cooling rate seems to give poor Co-capping result. This could be a result of Co
evaporation, since if the pressure is too low, a slow cooling rate allows evaporation to take place
during a longer time. The Co-evaporation is probably a bigger issue for cermet grades, since they in
general have higher solidification temperatures than WC-Co grades. It should be of critical
importance to know the furnace pressure, but in the text it is just mentioned as “sub-atmospheric
pressure” state, according to the experiments performed in this master thesis, it could be assumed
that they used a pressure of less than 10 mbar.

Fig. 26. Result of sintering
experiments with different cooling
rates by Janisch et al. [4]

Sachet et al. [2] use vacuum (0.005 mbar) in their tests, which should result in Co-evaporation. A
difference from the investigations in this master thesis is that they only used WC-Co grades, which
solidifies at lower temperature intervals and evaporation is thus not as severe. However, in one
experiment they simulated a leakage with a needle valve and increased the pressure to 0.1 mbar,
which was concluded to “trigger the Co-capping”. They attributed this to the presence of N2 and O2,
but could equally be a result of increased pressure and reduced evaporation.
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8. Conclusions
The literature study showed that the mechanisms behind Co-capping are not generally agreed upon.
Suggestions are; contraction during solidification, equalisation of the liquid/solid fraction of Co
caused by a C gradient and/or reduction of surface energy. The conditions inhibiting or producing Cocapping were identified, independent of what the dominating mechanism was. Co-capping occurs
during the specific temperature interval of the solidification of the different grades, i.e. on the
cooling ramp. The major factor is the C activity in the furnace atmosphere and through this, the Cocapping could be controlled. A high C activity, e.g. through the presence of CO during the cooling
stage inhibits Co-capping while a decarburising atmosphere, like pure Ar, produces Co-capping. The
pressure is also an important factor since the Co-capping tends to evaporate when the pressure is
too low. Consequently, this problem occurs easier for grades with high solidification intervals, such
as grade C, since its Co-capping will be exposed to higher temperatures and thus evaporates more
easily. A higher total pressure during the cooling can solve this, which also reduces charge-weight
dependence.
The cooling rate should also be sufficiently slow, but below a certain value, cooling rate has little
effect on Co-capping. For the grades used in these experiments there were negligible differences for
cooling rates below 3.5 °C/min, and at the same time a cooling rate of 2 °C/min was the only rate in
these experiments that resulted in a Hc value within the product specification limits.
In Production unit 1, where Co-capping is unwanted, the CO pressure during the cooling should be
increased in order to reduce the Co-capping. In Production unit 2, where Co-capping is wanted and
porosity levels need to be reduced, the total pressure during the cooling should be increased. This
will reduce the evaporation and consequently leave more Co-capping remaining after sintering. A
reduced Co evaporation means reduced charge-weight dependence and that different grades can be
sintered in separate processes, which will reduce the porosity levels for grades that require higher
sintering temperatures.
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9. Future work
The critical pressure where evaporation of Co occurs should be investigated by connecting a mass
spectrometer to the sintering furnace. In this way, it should be possible to find the optimised
pressure where Co-capping occurs while the evaporation is minimised. Especially for Production unit
2, it could be of great interest to increase the C content of some of the grades. This should enhance
the Co-capping, but could potentially also increase the sinterability of the grades and in that way
reduce the porosity levels.
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