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The Seamless Stressometer® roll (Seamless STR) is used to measure the flatness of
aluminum and steel strip when there is an extreme demand on the surface finish. To
protect the roll and strip, the roll is coated with two layers deposited by high velocity
oxygen fueled spraying (HVOF), Cr-Ni(Si,B) closest to the roll and WC-Co on top.
This solution has several disadvantages; high cost and complicated logistics, corrosion
sensitivity and high residual stresses creates the need for two coatings which in turn
complicates the process. Cobalt is, in addition, sensitive to low pH coolants and
environmentally unfriendly. These problems have given rise to the idea of switching
both the method and material of the coating.
In the first part of this work, high velocity air fueled spraying (HVAF) was evaluated as
an alternative deposition method. Three materials, Cr3C2-NiCr, WC-Co and
WC-CrC-Ni were deposited on steel coupons with varying chamber pressure,
powder feed rate and distance from the nozzle, in order to evaluate if HVAF can be a
valid technique for use in this application and to optimize the spraying recipe. The
objectives were to get a sufficiently high thickness per sweep, to be able to make the
depositions in a manageable number of sweeps, and to get low porosity, since the
coatings need to be dense to be hard and possible to polish smooth. The tests
showed that all three materials can be sprayed with the high settings on the
parameters to obtain coatings that exceeded the set limits of the objectives.
In the second part of this work, the recipe obtained from the first part was used to
deposit samples for further analysis. The coatings were compared regarding cost,
hardness, friction, wear and pick-up properties to evaluate if a switch in material from
WC-Co was possible. The coatings showed both similarities and differences. The
friction was very similar for the three materials. Cr3C2-NiCr was substantially
cheaper than the other two, had lower hardness and higher porosity, but still
probably acceptable values, and was satisfactory regarding wear and pick-up. WC-Co
and WC-CrC-Ni were very similar to each other regarding cost, hardness and
porosity but WC-Co was the best regarding wear and pick-up, where WC-CrC-Ni
was the worst. The only clear advantage of WC-CrC-Ni over WC-Co is the lack of
cobalt.
Taking everything into consideration, including the fact that the wear and pick-up
tests in this work was quite exaggerated, Cr3C2-NiCr is an interesting option for this
application due to its low cost and acceptable test results, WC-Co had the best
results but is expensive and contains cobalt and WC-CrC-Ni had as good results as
WC-Co except for the wear and pick-up tests and does not contain cobalt.
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Utvärdering av HVAF-sprutade STR-beläggningar
Robin Elo
När man tillverkar stål- och aluminiumplåt med extremt höga krav på ytans finhet så behövs
en metod för att mäta plåtens planhet utan att skada ytfinheten. En lösning på detta är att
använda en sömlös stressometerrulle (sömlös STR) från ABB. Dessa är i huvudsak tillverkade
i stål. För att skydda mätrullen, men även för att plåtens yta inte ska skadas under mätningen,
så beläggs de idag med två High Velocity Oxygen Fueled-sprutade (HVOF) keramiskmetalliska skikt. Närmast mätrullen beläggs ett material bestående av nickel, krom, bor och
kisel. Över det beläggs så kallad hårdmetall, bestående av volframkarbid i en matris av kobolt.
HVOF är en metod som termiskt sprutar material genom att förbränna en blandning av syre
och exempelvis propan i en kammare. In i denna matas sedan materialet i form av pulver som
värms och accelereras ut genom ett munstycke mot föremålet som ska beläggas.
Dessa skikt och metoden medför flera problem. Med HVOF behövs det läggas två skikt
eftersom det annars kan bli höga spänningar i skiktet som medför risk att det går sönder. Detta
gör produktionen komplicerad. Eftersom HVOF använder sig av syre som bränsle så blir
syrehalten i skikten relativt hög vilket gör dem känsliga för korrosion. Kobolt är ett otrevligt
ämne ur korrosions- och miljösynpunkt. Till sist så är kostnaden för dessa beläggningar
relativt hög. Allt detta gör att det är intressant att undersöka andra alternativ.
Ett alternativ skulle kunna vara att byta metod till High Velocity Air Fueled-sprutning
(HVAF). Denna metod är lik HVOF men använder sig av tryckluft istället för syre i
bränsleblandningen. Detta medför att temperaturen och syrehalten är lägre, vilket minskar
spänningarna i skikten och korrosionskänsligheten. Istället för hög temperatur så accelereras
materialet till högre hastighet för att kunna binda och bygga upp en beläggning. Ett annat sätt
att lösa problemen är att byta ut skiktet mot ett annat material med liknande egenskaper.
Förhoppningsvis så är spänningarna så låga att enbart ett skikt behöver användas.
Syftet med detta arbete har varit att undersöka ifall stål går att belägga med tre material med
HVAF. Dessa är volframkarbid-kobolt (WC-Co), kromkarbid-nickelkrom (Cr3C2-NiCr) och
volframkarbid-kromkarbid-nickel (WC-CrC-Ni).
Olika kombinationer av kammartryck, pulvermatning och sprutavstånd har utvärderats.
Kriterierna har varit att lägga ett lämpligt tjockt skikt per svep, för att underlätta processen,
och låg porositet. Låg porositet används som ett första mått på kvaliteten, eftersom det ger
hårda skikt som kan slipas till en väldigt slät yta. Den hårda och släta ytan behövs för att
skydda mätrullen och undvika att skada plåten som ska mätas.
Den bästa kombinationen av beläggningsparametrar användes för att belägga flera prover för
vidare undersökning av kvaliteten hos skikten. Egenskaperna som utvärderades var hårdhet,
porositet, friktion, samt nötning och påkletning. Vid friktionstesterna, där även nötning och
påkletning undersöktes, fick skikten glida mot cylindrar av stål och aluminium. Mot
aluminium undersöktes utöver torr glidning även glidning i närvaro av ett smörjmedel. Främst
utvärderades materialen i förhållande till WC-Co.
iii

Vad gäller metoden HVAF så gick det att spruta alla tre materialen och uppnå målen som
sattes vad gäller tjocklek per svep och porositet. Ett byte av metod verkar alltså vara möjligt.
De tre materialen visade i princip samma trend, alla tre beläggningsparametrarna
(kammartryck, pulvermatning och avstånd) ska ligga i de höga delarna av intervallen som
undersöktes. Det visade sig också att Cr3C2-NiCr förbrukade mindre pulver samtidigt som
pulvret är billigare än för de andra två.
Den djupare analysen visade att hårdheten, som förväntat, var lägre för Cr3C2-NiCr än för de
andra två, men ändå relativt hög. Porositeten var något högre för Cr3C2-NiCr men ändå låg för
alla tre. Friktionen var väldigt lika för alla tre materialen, endast några få avvikelser kunde
hittas. För glidningen mot stål hittades ett hastighetsberoende. Friktionskoefficienten gick
linjärt från 0,3 till 0,6 när hastigheten ökades. Mot torrt aluminium låg friktionskoefficienten
runt 0,6 och mot smort aluminium så låg den runt 0,11. Vad gäller nötning och påkletning så
avvek materialen något från varandra. I den smorda glidningen mot aluminium så var de i
princip lika. En svart aluminiumoxid bildades som lätt kunde torkas av efter mätningarna.
Under den var skikten i princip oskadda utan någon påkletning och cylindrarna hade fått ett
smalt polerat spår. Mot torrt aluminium så klarade sig skikten relativt bra, WC-CrC-Ni något
sämre. Mängden påkletning var hög redan vid den lägsta hastigheten och vid den högsta så var
aluminiumcylindrarna påverkade ner till ungefär 100 µm. Mot stålet klarade sig skikten något
sämre vid den högsta hastigheten, WC-Co var dock bäst. Mängden påkletning var mindre än
mot torrt aluminium. Vid den lägsta hastigheten var den knappt märkbar. Det påverkade
skiktet var också tunnare på cylindrarna, runt 20 µm vid den högsta hastigheten. Det bör dock
nämnas att hastigheterna som användes var väsentligt högre än vad som är fallet i
applikationen.
Allt som allt så kan resultaten sammanfattas kort med för- och nackdelar för de tre materialen:


Cr3C2-NiCr klarade sig hyfsat bra i testerna och är väsentligt billigare än de andra två.
Det skulle vara intressant att undersöka i större skala för att se hur möjliga nackdelar i
form av lägre hårdhet, högre porositet och något sämre nötningsmotstånd mot stål
påverkar prestationen.



WC-Co klarade sig bäst i testerna och har fördelen att det vid ett eventuellt byte bara
skulle vara metoden som byts ut och inte materialet, dock så innehåller det fortfarande
kobolt.



WC-CrC-Ni är väldigt lika WC-Co i mycket men klarade sig ändå sämst vad det gäller
nötning. Enda klara fördelen mot WC-Co är avsaknandet av kobolt.

Det här arbetet visar att HVAF mycket väl kan vara en kandidat till att ersätta HVOF för att
belägga skyddande skikt och att det finns intressanta alternativ till WC-Co med för- och
nackdelar beroende på applikation. I och med det så har arbetet uppnått sitt syfte även om det
fortfarande finns frågetecken kvar.
Examensarbete 30 hp på civilingenjörsprogrammet
Teknisk fysik med materialvetenskap
Uppsala universitet, juni 2012
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1.1

Introduction
Background

The standard Stressometer® roll (STR) is used to measure flatness as full width web tension
in a rolled metal strip. An overview of how this works can be seen in Figure 1.1.1.

Figure 1.1.1: Overview of how the Seamless STR® measures flatness as tension.

(1)

The flatness measurement is through the use of several force measuring transducers in the
measuring roll, dividing the roll and strip into zones across the width where each zone of the
strip is measured on by four transducers per revolution of the roll, as seen in Figure 1.1.2.

Figure 1.1.2: Cross-section of the measuring roll showing the position of the transducers in red.
The principle of dividing the roll into several zones to measure the tension can be seen in

Figure 1.1.3 and a cross-section of the roll showing the placement of the transducers can be
seen in Figure 1.1.4. Each zone has a separate ring for force transfer and transducer
protection.
1

The flatness profile of the strip is then used to optimize the mill parameters continuously
during the production to make the rolled strip as flat as possible.

Figure 1.1.3: The principle of dividing the roll into several measuring zones (steel rings laser welded
(1)
together to get a seamless surface). Transducer marked red and steel ring marked blue.

Figure 1.1.4: Cross-section of the measuring roll to view the transducers.

(1)

The point of using a Seamless STR® is to get high strip surface quality. The seams might
not seem like a big problem but for some strips, like aluminum and bright annealed stainless
steel, it is important that there is nothing on the measuring roll that can mark the strip. To get
this even surface, steel rings are shrunk over the core with the load cells and laser welded
together. The surface is polished and, to protect the steel and prevent damage of the strip
through pick-up, a hard coating is deposited on the roll. Finally the hard coating is polished
to get a surface that is completely seamless and maximizes the surface quality of the strip.
The hard coating is today composed by two high velocity oxygen fueled-sprayed (HVOF)
layers, Cr-Ni(Si, B) below and WC-Co on top. As cost and lead-time reduction become more
important, and the temperature range the rolls can be used in need to be widened, some
disadvantages of the present coating have become evident:


The spraying is subcontracted today, which yields a high cost and complicated
logistic.
2



HVOF, due to high temperature and use of oxygen, produces coatings that can
develop problems due to high residual stresses and increased corrosion sensitivity.



The use of two coatings, as a way of limiting the problem with residual stress and
load distribution, complicates the deposition process.



Cobalt (Co) is sensitive to low pH coolants and environmentally unfriendly.

These problems have given rise to the idea of switching to in-house coatings produced at
ABB by high velocity air fueled-spraying (HVAF). This process deposits low porosity coatings
at a lower temperature, hopefully limiting the problem of residual stresses to a degree where
single-layer coatings can be used. The method uses air instead of oxygen, limiting the
corrosion sensitivity, and since it is done in-house, it can both reduce the cost and simplify
the logistics. Another, concomitant, idea is to find other coating systems, free from cobalt,
that perform as well or better in selected applications, without the corrosion sensitivity and
environmental unfriendliness.
1.2

Objective

This work has two distinctive parts, parameter evaluation and analysis.
In the first part, parameter evaluation, the objective is to find sets of HVAF process
parameters producing coatings of sufficient deposition rate and quality to evaluate if a switch
from the HVOF to the HVAF process is possible. The desired final thickness is 400 µm. To
be able to do this in a reasonable number of sweeps, a deposition rate of at least 10
µm/sweep is needed. The porosity of the coatings is used as a measurement of their quality
and the objective is to get it as low as possible. Levels below 1,5% are acceptable (based on
the porosity of the present HVOF coatings).
Porosity is used as a measurement of the quality because of the application. The coating
needs to be hard and even to protect against wear and marking of the strip. A high porosity
lowers the hardness and makes it difficult to get an even surface, which in turn leads to
higher wear and risk of damaging the strip.(2)
Another objective of the parameter evaluation is to gain understanding of how the different
spraying parameters affect the coatings.
For the second part of the work, the analysis, the objective is to compare three HVAF
sprayed coatings regarding hardness, friction, wear and pick-up properties, to evaluate if
there are any alternative coating materials to replace the WC-Co.
In the rolling mill, a strip of metal travels over the coated measuring roll, which does not put
much strain on the coating except in the start and end of each pass, when the measuring roll
will not be able to match the strip speed completely, so some slip will occur and it is in these
moments that the strip and/or coating will wear.
1.3

High Velocity Air Fueled-Spraying

The principles of HVAF are the same as for HVOF. A mixture of gases is burned in a
combustion chamber, heating and accelerating a powder to deposit it onto a substrate. The
difference is the use of air instead of oxygen as a combustion gas. Compressed air and fuel
are combusted in the combustion chamber that is equipped with a high temperature catalyst.
The catalyst keeps the combustion going and stable, allowing the use of a shorter
combustion chamber. This short chamber permits the powder to be fed axially through its
rear.
The powder is heated to a temperature below its melting temperature and accelerated to a
speed above 700 m/s. In HVOF the temperature is above the melting temperature and the
velocity is lower. The lower temperature together with the higher velocity and lower amount
of process oxygen generally results in coatings with low porosity and low oxygen content.(3)
3
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Materials and Methods

2.1

Materials

The materials used for this work consist of three different powders thermally sprayed onto
disc-shaped coupons.
The powders, supplied by H.C. Starck, are described in Table 2.1.1.
Table 2.1.1: Description of the powders used

Particle size [µm] Apparent density [g/cm3]

Name

Composition [wt%]

Amperit 526.059(4)

WC-Co 83/17

30/5

4,4-5,2

Amperit 551.059(5)

WC-CrC-Ni 73/20/7

30/5

3,7-4,4

Amperit 588.059(6)

Cr3C2-NiCr 75/25

30/5

2,5-3,2

The coupons were made of a martensitic steel, EN name X4CrNiMo 16-5-1, Werkstoff
number 1.4418. The thickness was 6,5 mm and the diameter 25,4 mm (1 inch).
2.2

Spraying equipment

The HVAF gun used for the coating deposition was an AK-07 HVAF Gun from Kermetico
mounted on a Robot IRB 4400 from ABB Robotics AB. The powder was fed into the gun by
two AT1200 Powder Feeders, regulating the powder feed rate through an input of the
required rotations per minute (RPM). The whole system was controlled by an AK01T Control
Console from Kermetico. This allows warming, grit blasting, deposition and cooling to be
performed by the same system.
For the combustion, pressurized air and propane were used, axially fed into the back of the
combustion chamber. As carrier gases for the powder, nitrogen and hydrogen were used.
The samples for HVAF spraying were mounted on two different rotating specimen holders.
One for the parameter evaluation with three coupon positions and a diameter of 120 mm and
one for the analysis with 24 coupon positions and a diameter of 296 mm.
For this work, an extra cooling device was mounted behind the holders, enabling pressurized
air to blow onto the samples continuously during the spraying.
2.3

Parameter evaluation

The parameters being evaluated were primarily combustion pressure, powder feed rate and
distance from nozzle to substrate.
To be able to do this evaluation in as few deposition sessions as possible, a software for
design of experiment (DOE) was used to set up the deposition parameters. The used
software was MODDE 8 from Umetrics that allows both DOE and an evaluation of the
parameter settings in 9 deposition runs with Screening using Full Factorial (2 levels). This
can be seen as estimating a cube of values on the three parameters (one on each axis) by
only measuring the center point of the cube and its eight corners. To do this, low, middle and
high values for each parameter needs to be decided by measurements, recommendations
from suppliers and results from earlier tests:
Method on deciding parameters deleted due to corporate secrecy.
This gave a set of experiments for each material, named according to Table 2.3.1.
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Table 2.3.1: Experiments for the parameter evaluation

Exp Name

Pressure

Powder feed rate

Distance

N1

Low

Low

Low

N2

High

Low

Low

N3

Low

High

Low

N4

High

High

Low

N5

Low

Low

High

N6

High

Low

High

N7

Low

High

High

N8

High

High

High

N9

Middle

Middle

Middle

The samples were marked after materials and parameters that were used, Rx for Cr3C2NiCr, Hx for WC-Co and Mx for WC-CrC-Ni.
2.3.1

Deposition rate and temperature

To measure the powder feed rate and calibrate it from RPM to g/min and cm3/min, the tube
was detached from the gun and instead led into a canister. After one minute of feeding, the
powder was weighed. This was done with three values of RPM; 10, 20 and 30. The volume
of the powder was calculated from the measured mass and the average value on the
apparent density of the powder from the supplier found in Table 2.1.1 by using the formula:

(Eq. 1)

Before the deposition, the samples were pre-heated with three sweeps of flame only,
followed by three sweeps of blasting with alumina to get a surface that optimizes the
adhesion.
For the depositions, the air and fuel pressures were adjusted to get the wanted pressure in
the combustion chamber. For the powder feed, RPM was set at the desired value and the
flow of hydrogen and nitrogen adjusted to get an even transport of powder. The sample
holder used for the parameter evaluation was set to rotate with 1500 revolutions per minute
and the transversal sweep rate of the gun was set to 1 mm per revolution, corresponding to
25 mm/s. The temperature of the samples was measured between the sweeps to make sure
that they did not get too hot or too cold. To control the temperature, two tools were used.
The gun can spray cold air between the sweeps and a separate nozzle behind the sample
holder can spray cold air continuously. The initial ambition was to do two sweeps of powder
spraying followed by two sweeps of cooling and/or continuously cooling. However it was
obvious after the first two or four sweeps what kind of cooling was needed. For the
parameter evaluation, at least 100 µm of coating was wanted and since the earlier tests had
yielded 5 µm/sweep with low powder feed, 20 sweeps were deposited.
2.3.2

Thickness, hardness, porosity and deposition efficiency

After the spraying, the samples were cut in half using Abrasive cutting instrument 300s from
Hitech Europe. The halves were enclosed in epoxy and ground down to Grit P 1000 using
bonded SiC wet/dry grinding paper from Buehler. Finally, to get the cross-sections as
5

smooth as possible, the samples were polished on a Metaserv 2000 grinder/polisher from
Buehler with Kemet diamond suspension 3 µm followed by 1 µm.
The thickness of the coating was measured using an Olympus BX51M microscope equipped
with Olympus U-CMAD 3 Colorview camera.
The microscope was also used to estimate the porosity of the coatings by taking pictures of
the surface at 500x and 1000x magnification, setting the color balance to define the pores,
binarizing the pictures and calculating the percentage of pixels isolated. This procedure does
not give an absolute measurement of the porosity but it might be able to rank the relative
porosity of the different coatings. To get more accurate values and check if the ranking was
correct, some of the samples were sent to University West in Trollhättan were the porosity
was measured by SEM.
The values of thickness and porosity were then run through Modde to get prediction plots of
the effects of the parameters and iterative optimization of which values would give the
highest thickness and lowest porosity.
The deposition efficiency (DE) of the spraying can be calculated if the density of the coating
is known. However, at this stage of the work, the parameters effect on the coatings only
needed to be compared within a material, not between the materials. Thus a deposition
efficiency factor, DE/DElowest, was calculated from the thickness/sweep (t), radius of the
holder (r), mass of powder sprayed over the holder/sweep (m), note that the gun is over the
sample for one second/sweep, porosity of the coating (p), width of the samples (w) and
estimating the deposited volume (Vcoating) as a band of coating with thickness t on a cylinder
with radius r and width w, without knowing the coating density:

(Eq. 2)

(Eq. 3)

Then the deposition efficiency factor was calculated by dividing the values from eq. 3 with
the lowest value for each material:

(Eq. 4)

This gave an idea if the parameters that give higher thickness/sweep also are the ones that
gave the best deposition rate and thereby most economic coating.
2.4

Spraying of samples for analysis

When the parameter evaluation was done, a set of parameters was chosen by the criteria
high thickness per sweep and low porosity. If the different materials show similar trends, the
same set of parameters for all three materials was desired to isolate the effect from choice of
material from choice of parameters.
The larger sample holder was used to spray batches of 24 samples of each coating. One
thing that needed to be adjusted from the spraying for parameter evaluation was the rotation
of the sample holder since the holder used had a larger diameter (d). To get the samples to
be in the flame for the same time with a greater diameter, the rotation needed to be slower.
To calculate this rotation (RPM), the speed of the samples (v) was set to be equal:
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(Eq. 5)

(Eq. 6)
Thus:

(Eq. 7)

Then the sweep rate was set to move 1 mm for every rotation of the holder, as it was for the
small holder.
To get a coating thickness of 400 µm, the number of sweeps was calculated by dividing 400
µm with the expected thickness/sweep.
The complete list of spraying parameters can be seen in Table 2.4.1. The temperature
variation during spraying was controlled by using the continuous cooling. The cooling was
started after the second set of sweeps and the next step was not started until the
temperature reached 155°C. This gave an interim temperature of 150°C since it took the
system a few seconds to move into position and start.
Table 2.4.1: Spraying parameters for the samples for analysis.

Material

Air [PSI]

Propane
[PSI]

Nitrogen
[Flow]

Hydrogen
[Flow]

Chamber
pressure
[bar]

Powder feed
rate [RPM]

Cr3C2-NiCr
WC-Co

Values deleted due to corporate secrecy.

WC-CrC-Ni
Holder
rotation
[RPM]

Sweep
rate
[mm/s]

Distance
[cm]

T initial
[°C]

T max
[°C]

T interim [°C]

Cr3C2-NiCr
WC-Co

Values deleted due to corporate secrecy.

WC-CrC-Ni
Sweeps

Preheating
[sweeps]

Blasting
[sweeps]

Sweep /
round

Cooling /
round

Cr3C2-NiCr
WC-Co

Values deleted due to corporate secrecy.

WC-CrC-Ni
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Continuous
cooling

2.5
2.5.1

Analysis
Porosity, thickness and hardness

The porosity and thickness of the coatings were checked the same way as in the parameter
evaluation, excluding the SEM-analysis. If the samples are found to be too poor in some
way, a new set of samples would have to be sprayed.
For coatings with acceptable thickness and porosity, the Vickers hardness was measured as
a function of distance from the coatings/substrate interface on the cross-section, from the top
of the coating into the substrate. A Micro hardness tester type M from Shimadzu with a load
of 300g was used.
2.5.2

Evaluation of friction, wear and pick-up properties

Samples of each material were sent to Råbe Tooling AB in Västerås to be ground to get a
contact surface with a width of 10 mm (instead of the full 1”) and to be polished to RA=1,6
µm. The polishing was done to isolate the material properties from the surface roughness.
The shortening of the contact length was done in order to better simulate the contact
situation in the rolling mill.
The materials used as counterparts were aluminum, AA 6063 T6, and steel, Werkstoff
number 1.4306, in the shape of cylinders with diameter 100 mm, thickness 15 mm and
length 600 mm. The cylinders were finely turned and polished before the tests. The coated
samples were mounted in a holder with an o-ring in the holder so that the samples
themselves could regulate the contact to be as parallel as possible.
The cylinders were turned with 30, 50 and 85 RPM for each coating and counterpart
combination for 600 seconds. The normal force was adjusted to be 30 N by moving the
sample into the cylinder.
In the aluminum rolling mill, a lubricant is used in the rolling process. Some of this lubricant
follows the aluminum strip to the measuring roll. To simulate this, in addition to the dry case,
a lubricant was dripped onto the aluminum cylinder with a rate of one drip per second. The
lubricant used was from a real aluminum rolling mill equipped with a seamless STR from
ABB.
The friction properties were measured by measuring the radial force (normal force - FN) and
the angular force (friction force - FT) with two load cells. The values of the forces were
sampled 20000 times per second. To get a reasonable amount of data, the program was set
to calculate mean values to get 5 measurements per second. The constant of friction (CoF,
µ) can then be calculated as:

(Eq. 8)

A schematic image of the set-up can be seen in Figure 2.5.1
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Figure 2.5.1: Schematic view of the set-up for the friction measurements.

After the testing, the surfaces were analyzed to evaluate the amount of pick-up and wear.
The coupons were photographed to be able to compare the visible amount of pick-up.
The cross-sections of some of the wear tracks on the cylinders were analyzed. The samples
chosen were the ones with the highest sliding speed for steel and dry aluminum, since they
were the most promising to show interesting results on account of their relatively large
amount of visible damage. First they were ground and polished the same way as for the
coupons in the parameter evaluation, see 2.3.2, and metallographic images were taken to
document any visible wear. Then the cross-sections were etched to enhance the grain
boundaries:
For aluminum the etchant used was composed of 15 g NaOH in 100 ml distilled water,
heated to 60°C. The samples were also heated with hot air to get a higher temperature since
the original recipe recommended 70°C. The etchant was applied onto the samples by
rubbing with cotton wool, wet by the etchant. Every 10 seconds the surfaces were inspected
to see when the microstructure became visible. In total, about 50-60 seconds was needed.
After the etching, the samples were rinsed. First in one part nitric acid with nine parts distilled
water, followed by water and finally with 99,9% ethanol.(7)
For steel the etchant used was composed of 100 ml distilled water, 100 ml hydrochloric acid
and 10 ml nitric acid, better known as V2A. The etchant was heated to 60°C and then the
samples were placed in it for 60 second periods. In total, about 180 seconds was needed.
After the etching the samples were rinsed in water.(8) One of the samples, the wear track
against WC-Co, did not show any grain boundaries after only V2A so it was also etched with
FeCl for about 10 seconds and then again with V2A for about 30 seconds.
Cross-sections of the coatings corresponding to the examined wear tracks were also
investigated with the same method, excluding the etching.
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3

Results

3.1

Parameter evaluation

3.1.1

Powder feed rate calibration

The three powders were fed into a canister for one minute at 10, 20 and 30 RPM and
weighed. The volumes were calculated from the masses and the mean values of the
apparent densities in Table 2.1.1. The results can be found in Table 3.1.1.
Table 3.1.1: Results of the powder feed rate calibration.

Powder

Input [RPM]

Mass [g/min]

Density [g/cm3]

Volume
[cm3/min]

Cr3C2-NiCr

10

69,9

2,85

24,5

Cr3C2-NiCr

20

121,2

2,85

42,5

Cr3C2-NiCr

30

136,4

2,85

47,9

WC-Co

10

199,2

4,80

41,5

WC-Co

20

271,8

4,80

56,6

WC-Co

30

358,5

4,80

74,7

WC-CrC-Ni

10

144,2

4,05

35,6

WC-CrC-Ni

20

227,4

4,05

56,1

WC-CrC-Ni

30

252,2

4,05

62,3

The volumes of the powders fed at a specific value of the input are different, which is
surprising. The powder feed was believed to feed the same volume.
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To get a better overview of these values they are drawn in Figure 3.1.1 and Figure 3.1.2 with
2nd grade polynomial trend lines set to intercept in (0,0). There are clear indications of a
plateau when the RPM of the powder feeder is increased.
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y = -0,30x2 + 21x
350
300
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Cr3C2-NiCr
y = -0,30x2 + 17x

g/min 200

WC-Co
WC-CrC-Ni
Poly. (Cr3C2-NiCr)

150

Poly. (WC-Co)
100

Poly. (WC-CrC-Ni)

y = -0,13x2 + 8,6x
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0
0
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10

15
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25
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35

RPM
Figure 3.1.1: Powder feed rate calibration, mass over time (g/min) as a function of RPM.
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Figure 3.1.2: Powder feed rate calibration, volume over time (cm /min) as a function of RPM.

Values decided to be used deleted due to corporate secrecy.
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3.1.2

Deposition of samples for parameter evaluation

With the results from the powder feed rate calibration, the input values were completed as
seen in Table 3.1.2.
Table 3.1.2: Values on the parameters to be evaluated.

Input

Low

Middle

High

Chamber pressure [bar]
Powder feed rate [RPM]

Values deleted due to corporate secrecy.

Distance [cm]
With these settings, the samples were deposited, the full list of spray data can be found in
Appendix 1: Parameter evaluation – spray data.
The powder consumption when using the WC-Co powder turned out to be very high, so only
the depositions with low powder feed rate and two with high powder feed rate were done.
With high powder feed rate, the experiments combining low pressure and short distance,
and high pressure and long distance, were chosen, so experiment 4, 7 and 9 in Table 2.3.1
were excluded. This should give a decent overview of the effect from the input or at least an
indication if this deposition has the same trend as the other two.
3.1.3

Thickness, porosity by optical microscopy and deposition efficiency

The thickness was measured and divided by the number of sweeps, i.e. 20, to get the value
of thickness/sweep. The porosity was measured at several areas of the coating at 500x and
1000x magnification and the mean value of the porosity was calculated. From the
thickness/sweep and porosity, together with powder consumption from the equations in
Figure 3.1.1, the deposition efficiency factor was calculated. The results are shown in Table
3.1.3.
The thickness/sweep seems to be heavily dependent on the powder feed since recipe 3, 4, 7
and 8, the ones with the highest powder feed, have the highest values. They also have high
values of the deposition efficiency factor, indicating an economic use of the powder. It is
harder to see clear trends in the porosity.
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Table 3.1.3: Thickness/sweep, porosity and deposition efficiency of the samples for parameter
evaluation. Rx is Cr3C2-NiCr, Hx is WC-Co and Mx is WC-CrC-Ni.

Sample name

Thickness/sweep
[µm]

Porosity [%]

DE/DElowest

R1

6,9

1,7

1,22

R2

6,2

1,2

1,11

R3

13,9

1,7

1,37

R4

14,2

2,5

1,39

R5

6,7

2,1

1,18

R6

5,6

0,8

1,00

R7

14,1

4,8

1,35

R8

13,1

1,6

1,29

R9

11,2

1,6

1,22

H1

7,6

2,4

1,16

H2

6,5

1,2

1,00

H3

13,7

3,5

1,10

H5

7,4

3,6

1,11

H6

6,8

1,7

1,04

14,7

1,5

1,21

M1

5,6

1,8

1,08

M2

5,9

1,5

1,13

M3

12,4

1,9

1,38

M4

13,3

1,0

1,50

M5

5,9

1,8

1,14

M6

5,2

1,5

1,00

M7

11,3

1,0

1,27

M8

12,4

1,0

1,40

M9

9,6

0,5

1,18

H4

H7
H8
H9
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Some examples of how the porosity was measured can be seen for R8 (Cr3C2-NiCr) at 500x
magnification in Figure 3.1.3, H8 (WC-Co) at 1000x magnification in Figure 3.1.4 and M8
(WC-CrC-Ni) at 1000x magnification in Figure 3.1.5.

Figure 3.1.3: Example of porosity measurement for sample R8, Cr3C2-NiCr, at 500x magnification.

Figure 3.1.4: Example of porosity measurement for sample H8, WC-Co, at 1000x magnification.

Figure 3.1.5: Example of porosity measurement for sample M8, WC-CrC-Ni, at 1000x magnification.
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The thickness was measured at 100x or 200x magnification depending on which
magnification was able to fit the entire thickness in the camera field, R8 (Cr3C2-NiCr) is
shown as an example at 200x magnification in Figure 3.1.6.

Figure 3.1.6: Example of thickness measurement for sample R8, Cr3C2-NiCr, at 200x magnification, the
coating is measured to be 209 µm thick.
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3.1.4

Comparison of porosity measurements from optical microscopy and SEM.

To evaluate the accuracy of the porosity measurements, some of the samples were
analyzed a second time with optical microscopy but with a slightly different setting of the
focus, and these samples were also analyzed with SEM at University West.(9) The results
can be seen in Table 3.1.4.
Table 3.1.4: Results from the porosity measurements. Rx is Cr3C2-NiCr, Hx is WC-Co and Mx is WC-CrCNi.

Sample name

Optical – 1st [%]

Optical – 2nd [%]

R6

0,8

0,25

R7

4,8

0,65

R8

1,6

0,55

H2

1,2

0,9

0,05

H3

3,5

2,1

0,45

H5

3,6

2,5

0,60

H8

1,5

1,6

0,35

M3

1,9

2,1

0,10

M4

1,0

1,5

0,20

M7

1,0

0,8

0,30

M8

1,0

0,9

0,20

M9

0,5

1,6

0,40
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SEM [%]

Comparisons between the optical and SEM measurements are shown in Figure 3.1.7, Figure
3.1.8 and Figure 3.1.9.
As seen in Figure 3.1.7 and Figure 3.1.8, both optical measurements rank the samples in the
same order as SEM for Cr3C2-NiCr and WC-Co but for WC-CrC-Ni in Figure 3.1.9, the
rankings are completely different. However, all values measured with SEM for WC-CrC-Ni
are below 0,5%. As a matter of fact, all the measurements with SEM are below 0,7%, which
is less than half of the set objective.
5
4,5
4

Porosity [%]

3,5
3
2,5

Optical - 1st

2

SEM

1,5
1
0,5
0
R6

R8

R7

Sample
Figure 3.1.7: Porosity comparison between optical and SEM measurements for Cr3C2-NiCr.
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1,5

SEM

1
0,5
0
H2

H8

H3

H5

Sample
Figure 3.1.8: Porosity comparison between optical and SEM measurements for WC-Co.
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M8
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Sample
Figure 3.1.9: Porosity comparison between optical and SEM measurements for WC-CrC-Ni
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3.1.5

Statistical analysis

The values of thickness/sweep and porosity from Table 3.1.3 were run through MODDE and
set to optimize the parameters to maximize the thickness/sweep and minimize the porosity.
The result of this can be seen in Table 3.1.5.
Table 3.1.5: Results from parameter optimization with MODDE.

Material

Chamber
pressure [bar]

Powder feed
rate [RPM]

Distance
[cm]

Cr3C2-NiCr
WC-Co

Values deleted due to corporate secrecy.

WC-CrC-Ni

Thickness/sweep
[µm]

Porosity
[%]

11,7628

1,3436

14,6699

1,4927

12,0301

0,7694

Prediction plots were also made. The most significant result was that the relation between
powder feed rate and thickness/sweep is very strong for all three materials. All the prediction
plots can be found in Appendix 2: Prediction plots from MODDE.
From these results, parameter combination 8 (high chamber pressure, powder feed rate and
distance) was chosen for the deposition of the samples for analysis. The only parameter
differing from this in the parameter optimization was the powder feed rate for Cr3C2-NiCr but
it was still near the calculated optimum value. Choosing combination 8 for all brings a couple
of advantages:


The expected value of thickness/sweep could be taken from the actual
measurements instead of from the calculated value.



The same combination was used for all three materials, isolating the material
properties from the parameters effect when analyzing the coatings.
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3.2

Analysis

3.2.1

Thickness

The thickness was measured in the same way as for the parameter evaluation, the result
can be seen in Table 3.2.1. In Figure 3.2.1 the three coatings are viewed next to each other
at 100x magnification. Note that they were deposited with different number of sweeps.
Table 3.2.1: Thickness and thickness/sweep for the samples for analysis.

Material

Thickness [µm]

Thickness/sweep [µm]

Cr3C2-NiCr

455

15,2

WC-Co

439

16,3

WC-CrC-Ni

428

13,4

The number of sweeps was calculated to give a thickness of 400 µm but all three coatings
are thicker than that even though the deposition parameters where adapted to be the same
as in the parameter evaluation.

Figure 3.2.1: Comparison of the three coatings deposited on the samples for analysis at 100x
magnification.
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3.2.2

Porosity

The porosity was measured at seven areas over the cross-section, at 500x and 1000x
magnification. The results can be seen in Table 3.2.2 and Figure 3.2.2. WC-Co and WCCrC-Ni have very low values and Cr3C2-NiCr a bit higher.
Table 3.2.2: Average porosity measurements for the three coatings with standard deviation.

Material

Average porosity
500x [%]

Average porosity
1000x [%]

Average porosity
Total [%]

Cr3C2-NiCr

2,2 ± 0,4

2,1 ± 0,4

2,2 ± 0,4

WC-Co

0,7 ± 0,3

0,9 ± 0,5

0,8 ± 0,4

WC-CrC-Ni

0,7 ± 0,2

0,7 ± 0,2

0,7 ± 0,2

3,5

3

2,5
Porosity [%]

Cr3C2-NiCr [500x]
WC-Co [500x]

2

Wc-CrC-Ni [500x]
Cr3C2-NiCr [1000x]

1,5

WC-Co [1000x]
WC-CrC-Ni [1000x]

1

0,5

0
Left

Middle

Right

Figure 3.2.2: Porosity variation over the cross-section for the three materials at 500x and 1000x
magnification.
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3.2.3

Hardness

The hardness was measured at various distances from the interface, the average hardness
for each coating can be seen in Table 3.2.3. The variation of hardness over the crosssection can be seen in Figure 3.2.3, and in more detail the coating in Figure 3.2.4 and the
substrate in Figure 3.2.5. WC-Co and WC-CrC-Ni have about the same hardness and Cr3C2NiCr is softer, as expected. More surprising is that the same trend is observed for their
respective substrate.
Table 3.2.3: Average hardness for the three coatings and the respective substrate with standard
deviation.

Material

Average coating hardness [HV 0,3]

Cr3C2-NiCr

Average substrate hardness [HV 0,3]

810 ± 70

310 ± 10

WC-Co

1160 ± 80

350 ± 10

WC-CrC-Ni

1220 ± 90

340 ± 10

1600
1400

Hardness [HV 0,3]

1200
1000
Cr3C2-NiCr
WC-Co

800

WC-CrC-Ni
600
400
200

Substrate

Coating
0
-600
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-200
0
200
Distance from interface [µm]

400

600

Figure 3.2.3: Overview of hardness measurements as a function of distance to the interface.
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Figure 3.2.4: Hardness as a function of distance to the interface for the three coatings.
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Figure 3.2.5: Hardness as a function of distance to the interface for the three coatings respective
substrate.
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3.2.4

Friction, wear and pick-up

The average coefficients of friction over the whole test duration (600 seconds) for each test
are shown in Table 3.2.4 for steel, Table 3.2.5 for dry aluminum and Table 3.2.6 for
lubricated aluminum.
There is a correlation between sliding speed and coefficient of friction for steel where the
coefficient of friction increases with the speed, see Figure 3.2.6. No such correlation is found
for either dry or lubricated aluminum, see Figure 3.2.7-8.
The development of the coefficient of friction over the tests for all coatings and sliding
speeds are shown in Figure 3.2.9-11 for steel, Figure 3.2.12-14 for dry aluminum and Figure
3.2.15-17 for lubricated aluminum. In all contact situations, the coatings show very similar
behavior.
Table 3.2.4: Sample number, sliding speed and average coefficient of friction with standard deviation for
steel

Material

Number

Speed [RPM]

Speed [m/s]

CoF

Cr3C2-NiCr

76

30

0,16

0,30±0,02

Cr3C2-NiCr

77

50

0,26

0,42±0,05

Cr3C2-NiCr

75

85

0,45

0,55±0,04

WC-Co

24

30

0,16

0,31±0,02

WC-Co

29

50

0,26

0,41±0,03

WC-Co

26

85

0,45

0,58±0,05

WC-CrC-NiCr

47

30

0,16

0,31±0,03

WC-CrC-NiCr

51

50

0,26

0,45±0,03

WC-CrC-NiCr

49

85

0,45

0,58±0,04

Table 3.2.5: Sample number, sliding speed and average coefficient of friction with standard deviation for
dry aluminum

Material

Number

Speed [RPM]

Speed [m/s]

CoF

Cr3C2-NiCr

79

30

0,16

0,64±0,06

Cr3C2-NiCr

70

50

0,26

0,63±0,06

Cr3C2-NiCr

73

85

0,45

0,56±0,03

WC-Co

34

30

0,16

0,65±0,06

WC-Co

27

50

0,26

0,61±0,05

WC-Co

36

85

0,45

0,59±0,04

WC-CrC-NiCr

50

30

0,16

0,65±0,06

WC-CrC-NiCr

44

50

0,26

0,61±0,06

WC-CrC-NiCr

41

85

0,45

0,62±0,06
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Table 3.2.6: Sample number, sliding speed and average coefficient of friction with standard deviation for
lubricated aluminum

Material

Number

Speed [RPM]

Speed [m/s]

CoF

Cr3C2-NiCr

69

30

0,16

0,11±0,02

Cr3C2-NiCr

72

50

0,26

0,11±0,03

Cr3C2-NiCr

74

85

0,45

0,10±0,02

WC-Co

32

30

0,16

0,06±0,03

WC-Co

30

50

0,26

0,11±0,07

WC-Co

23

85

0,45

0,11±0,01

WC-CrC-NiCr

46

30

0,16

0,11±0,01

WC-CrC-NiCr

43

50

0,26

0,11±0,01

WC-CrC-NiCr

54

85

0,45

0,09±0,02

25

0,60

0,50

0,40

Cr3C2-NiCr

CoF 0,30

WC-Co
WC-CrC-Ni
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Figure 3.2.6: Average coefficient of friction against sliding speed for the coatings against steel.
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Figure 3.2.7: Average coefficient of friction against sliding speed for the coatings against dry aluminum.
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Figure 3.2.8: Average coefficient of friction against sliding speed for the coatings against lubricated
aluminum.
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Figure 3.2.9: Coefficient of friction over time for the coatings against steel with 0,16 m/s sliding speed.
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Figure 3.2.10: Coefficient of friction over time for the coatings against steel with 0,26 m/s sliding speed.
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Figure 3.2.11: Coefficient of friction over time for the coatings against steel with 0,45 m/s sliding speed.
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Figure 3.2.12: Coefficient of friction over time for the coatings against dry aluminum with 0,16 m/s sliding
speed.
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Figure 3.2.13: Coefficient of friction over time for the coatings against dry aluminum with 0,26 m/s sliding
speed.
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Figure 3.2.14: Coefficient of friction over time for the coatings against dry aluminum with 0,45 m/s sliding
speed.
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Figure 3.2.15: Coefficient of friction over time for the coatings against lubricated aluminum with 0,16 m/s
sliding speed.
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Figure 3.2.16: Coefficient of friction over time for the coatings against lubricated aluminum with 0,26 m/s
sliding speed.
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Figure 3.2.17: Coefficient of friction over time for the coatings against lubricated aluminum with 0,45 m/s
sliding speed.
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To compare the amount of pick-up, the coupons were photographed after the tests and
grouped after contact case, see Figure 3.2.18 for steel and Figure 3.2.18 for dry aluminum.
At the lowest sliding speed against steel, the pick-up was very small for all coatings. At
higher sliding speeds the pick-up increased. Cr3C2-NiCr clearly shows the most pick-up at
the highest speed. For all coatings against dry aluminum the pick-up was large already at
the lowest speed. Here, Cr3C2-NiCr shows marginally less pick-up than the other two
coatings.
For the case of lubricated aluminum, there was no visible pick-up of metal at all. Instead, a
black substance formed and covered the coupons and cylinders during the tests, but could
easily be wiped off after. The cylinders also got a polished track below the black substance,
but no quantitative comparison could be made.

Figure 3.2.18: Comparison of the coupons after the friction and pick-up tests against steel. From left to
right; 0,16, 0,26 and 0,45 m/s sliding speed. From top to bottom; Cr3C2-NiCr, WC-Co and WC-CrC-Ni. The
arrows indicate the rotation direction of the cylinder.
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Figure 3.2.19: Comparison of the coupons after the friction and pick-up tests against dry aluminum. From
left to right; 0,16, 0,26 and 0,45 m/s sliding speed. From top to bottom; Cr3C2-NiCr, WC-Co and WC-CrCNi. The arrows indicate the rotation direction of the cylinder.
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Six of the coated samples and their corresponding wear track on the cylinder were examined
closer. The ones with the highest sliding speed against steel and dry aluminum were chosen
since they are the most promising to show the wear.
From the tests against steel, sample 75 (Cr3C2-NiCr), 26 (WC-Co) and 49 (WC-CrC-Ni) were
chosen. An overview of the samples and their corresponding wear tracks can be seen in
Figure 3.2.20.
The samples were cut from the left side and the wear tracks from the right (in Figure 3.2.20)
to see the cross-sections of what seems like the most wear.
Optical microscopy images of the cross-sections of the samples at 200x and 500x
magnification can be seen in Figure 3.2.21-26. The arrows in the images indicate the
rotation direction of the cylinder. At this magnification only the coating (no substrate) is
visible in the images.
The cross-sections of the wear tracks at 200x and 500x magnification can be seen in Figure
3.2.27-32.
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Figure 3.2.20: Overview of the samples (left) against steel with the highest sliding speed, 0,45 m/s, and
their corresponding wear track (right).75 is Cr3C2-NiCr, 26 is WC-Co and 49 is WC-CrC-Ni. The arrows
indicate the rotation direction of the cylinders.
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Figure 3.2.21: Cross-section of sample 75, Cr3C2-NiCr against steel, at 200x magnification.

Figure 3.2.22: Cross-section of sample 75, Cr3C2-NiCr against steel, at 500x magnification.
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Figure 3.2.23: Cross-section of sample 26, WC-Co against steel, at 200x magnification.

Figure 3.2.24: Cross-section of sample 26, WC-Co against steel, at 500x magnification.
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Figure 3.2.25: Cross-section of sample 49, WC-CrC-Ni against steel, at 200x magnification.

Figure 3.2.26: Cross-section of sample 49, WC-CrC-Ni against steel, at 500x magnification.
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Figure 3.2.27: Cross-section of the wear track of sample 75, Cr3C2-NiCr against steel, at 200x
magnification.

Figure 3.2.28: Cross-section of the wear track of sample 75, Cr3C2-NiCr against steel, at 500x
magnification.
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Figure 3.2.29: Cross-section of the wear track of sample 26, WC-Co against steel, at 200x magnification.

Figure 3.2.30: Cross-section of the wear track of sample 26, WC-Co against steel, at 500x magnification.
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Figure 3.2.31: Cross-section of the wear track of sample 49, WC-CrC-Ni against steel, at 200x
magnification.

Figure 3.2.32: Cross-section of the wear track of sample 49, WC-CrC-Ni against steel, at 500x
magnification.
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From the tests against dry aluminum, the samples with the highest sliding speed were 73
(Cr3C2-NiCr), 36 (WC-Co) and 41 (WC-CrC-Ni). An overview of the samples and their
corresponding wear tracks can be seen in Figure 3.2.33.
The samples were cut from the left side and the wear tracks from the right (in Figure 3.2.33)
to see the cross-sections of what seems like the most wear.
Optical microscopy images of the cross-sections of the samples at 200x and 500x
magnification can be seen in Figure 3.2.34-39. The arrows in the images indicate the
rotation direction of the cylinder. At this magnification only the coating (no substrate) is
visible in the images.
The cross-sections of the corresponding wear tracks at 200x and 500x magnification can be
seen in Figure 3.2.40-45.
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Figure 3.2.33: Overview of the samples (left) against dry aluminum with the highest sliding speed, 0,45
m/s, and their corresponding wear track (right).73 is Cr3C2-NiCr, 36 is WC-Co and 41 is WC-CrC-Ni. The
arrows indicate the rotation direction of the cylinders.
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Figure 3.2.34: Cross-section of sample 73, Cr3C2-NiCr against dry aluminum, at 200x magnification.

Figure 3.2.35: Cross-section of sample 73, Cr3C2-NiCr against dry aluminum, at 500x magnification.
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Figure 3.2.36: Cross-section of sample 36, WC-Co against dry aluminum, at 200x magnification.

Figure 3.2.37: Cross-section of sample 36, WC-Co against dry aluminum, at 500x magnification.
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Figure 3.2.38: Cross-section of sample 41, WC-CrC-Ni against dry aluminum, at 200x magnification.

Figure 3.2.39: Cross-section of sample 41, WC-CrC-Ni against dry aluminum, at 500x magnification.
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Figure 3.2.40: Cross-section of the wear track of sample 73, Cr3C2-NiCr against dry aluminum, at 200x
magnification.

Figure 3.2.41: Cross-section of the wear track of sample 73, Cr3C2-NiCr against dry aluminum, at 500x
magnification.
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Figure 3.2.42: Cross-section of the wear track of sample 36, WC-Co against dry aluminum, at 200x
magnification.

Figure 3.2.43: Cross-section of the wear track of sample 36, WC-Co against dry aluminum, at 500x
magnification.
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Figure 3.2.44: Cross-section of the wear track of sample 41, WC-CrC-Ni against dry aluminum, at 200x
magnification.

Figure 3.2.45: Cross-section of the wear track of sample 41, WC-CrC-Ni against dry aluminum, at 500x
magnification.
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These images represent the general look of the cross-sections. However, some of the
examined surfaces showed other interesting features of the wear mechanisms in work.
Figure 3.2.46 shows the cross-section of sample 41 (WC-CrC-Ni against dry aluminum) at
500x magnification. The coating below the pick-up layer of aluminum seems to be on its way
to lose a large piece of material.

Figure 3.2.46: Cross-section of sample 41, WC-CrC-Ni against dry aluminum, at 500x magnification.

In the cross-section of the wear track of sample 36 (WC-Co against dry aluminum), a large
piece of aluminum has been built up on the wear track. This can be seen in Figure 3.2.47 at
50x magnification and in Figure 3.2.48 at 200x magnification.
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Figure 3.2.47: Cross-section of the wear track of sample 36, WC-Co against dry aluminum, at 50x
magnification.

Figure 3.2.48: Cross-section of the wear track of sample 36, WC-Co against dry aluminum, at 200x
magnification.
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4
4.1

Discussion
Parameter evaluation

Figure 3.1.1 and Figure 3.1.2 show one quite obvious thing, i.e. that a denser powder feeds
greater mass through the tube with the same input. One more suprising result is that denser
powder also feeds greater volume through the tube with the same input. The feed rate
should be volume set, a rotating disc with holes that feed the powder into the gas flow
should feed about the same volume of the different powders since they have the same
manufacturing method and size distribution. This shows that other characteristics of the
powder besides these make a difference, for example, the viscosity of the powder migth
affect the volume feeded. This is an interesting aspect but also outside the reach of this work
so I will leave it at noticing this.
However, when coupling this result with the thickness/sweep calculations in Table 3.2.1 an
important result conserning cost emerges. Cr3C2-NiCr is depostited with 15,2 µm/sweep,
WC-Co with 16,3 µm/sweep and WC-CrC-Ni with 13,4 µm/sweep. The cost of the powder is
per weight unit and the cost of Cr3C2-NiCr is substationally lower than of WC-Co and WCCrC-Ni. This means that the Cr3C2-NiCr coating consumes less powder and the powder is
cheaper but it still has about the same thickness/sweep, which makes the coating much
cheaper than the other two.
Some of the samples for the parameter evaluation had to be excluded from the series of
WC-Co because of high powder consumption in the spraying. A result of this can be seen in
Appendix 2: Prediction plots from MODDE. The curves for WC-Co do not show any margin
of error but still, the trends are about the same as for the other two materials. In the end I do
not think that including the samples would have affected the choice of reciept for the
spraying of the samples for analysis.
When it comes to the measurements of thickness and porosity of the samples I believe it is
safe to say that the thickness measurements are correct. As long as the samples were
polished evenly, the entire cross-section of the coatings was in focus and could be
measured easily. The porosity was tougher to measure though. Depending on how even the
surface was polished, how much pull-out occured and where the focus was put, it is hard to
say how accurate the measurements are. I tried to minimize these factors by polishing
carefully and following the same procedure when setting the focus, but the SEM analysis of
the porosity shows that I still probably measured too high values. I do not know if this is too
much of a problem though. The SEM analysis indicates that I was somewhat consistent and
still ranked the materials correctly except for WC-CrC-Ni. It also indicates that the porosity
overall was very low, all SEM values are well below the 1,5%, which was set as an objective,
see Figure 3.1.7-9.
The statistical analysis for parameter optimization done to maximize thickness/sweep and
minimize porosity gave almost the same reciept for all three materials. Only the value on
powder feed rate for Cr3C2-NiCr differed, see Table 3.1.5. The result is that the high value
should be used for all three parameters. This could indicate that the result would be even
better if the values were set even higher but this was not possible for the powder feed rate
and chamber pressure. It was hard to get an even jet already at this high value of powder
feed so an even higher value would probably give a very unstable process. The chamber
pressure was also already at its maximum at this value, an increase would yield the need to
rebuild the gas supply system. The only thing that could have easily been increased is the
distance but this would mean longer flight time for the powder and colder substrate and I can
not see any reason why that would improve the process. At this level the temperature was
easy to control and longer flight time could increase the level of oxidation.
All in all I believe I found a good recipe for the spraying of the samples for analysis.
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4.2
4.2.1

Analysis
Thickness, porosity and hardness

The thickness measurements on the samples for analysis showed an interesting fact. The
thickness/sweep was higher than expected from the recipe for all three materials, see Table
3.2.1. The rotation of the sample holder was calculated to give the same speed on the
coupons as they passed the jet and the traverse speed of the gun was also calculated to
move the same distance over the coupons for each rotation, so where does the difference
come from? One explanation could be that the rotation time was different, meaning that the
coupons pass the jet with longer time in between but also that the spraying takes longer time
so that the entire holder with all the coupons are heated for a longer time. The longer time
between passing the jet should mean colder coupons but the increased spraying time in
contrast should mean warmer coupons. So the temperature could be an explanation. But
when the maximum and interim temperatures are compared between Table 2.4.1 for the
samples for analysis and Appendix 1: Parameter evaluation – spray data for the samples for
the parameter evaluation, only small differences can be found and they are not consistent for
all three materials. So the best I can do with the information from this work is to state that
this must be taken into consideration for a possible productization.
The porosities were measured to be about the same for WC-Co (0,8%) and WC-CrC-Ni
(0,7%) and higher for Cr3C2-NiCr (2,2%), see Table 3.2.2. Compared with the values from
the recipes in Table 3.1.4 (R8 for Cr3C2-NiCr, H8 for WC-Co and M8 for WC-CrC-Ni), Cr3C2NiCr got a bit higher and the other two lower. If I assume that the SEM values are closer to
the true porosity and take the values from R8, H8 and M8 in Table 3.1.4 as a starting point, it
suggests that Cr3C2-NiCr has a porosity a bit over 0,55%, WC-Co a bit below 0,35% and
WC-CrC-Ni a bit below 0,20%. It might not be precise values but at least it indicates that all
three coatings are below the objective of 1,5%.
The hardness of the coatings was measured to be about 800 HV 0,3 for Cr3C2-NiCr and
around 1200 HV 0,3 for the other two, see Table 3.2.3. This order of hardness was expected
but the question is what it implies for the quality of the coatings. This protective coating
should of course be hard, but does it matter how hard it is as long as it is clearly harder than
the material it should protect against, in this case aluminum and steel? Hardness is
interesting but not necessarily the most important factor when ranking the materials in the
end. One other thing to note about the hardness measurements is the difference in the
substrates hardness; the substrates below WC-Co and WC-Co-Ni are harder than below
Cr3C2-NiCr. This might come from a difference in heat transfer properties or different kinetic
energy of the spraying particles, giving different levels of heat treating or deformation
hardening. It could also imply the presence of residual stresses, which is interesting but out
of the reach of this work.
4.2.2

Coefficient of friction

In the measurements of coefficient of friction (CoF) some interesting results can be seen:
For steel, there seems to be a clear dependency between CoF and sliding speed, even
when taking the standard deviation of the measured values into account, which can be seen
in Table 3.2.4 and Figure 3.2.6. The CoF seems to be increasing linearly with the sliding
speed and the values are about the same for all three materials, ranging from 0,30 to 0,58
with some small variations.
On the contrary, when sliding against dry aluminum, the CoF seems to be decreasing with
increasing sliding speed. However, this dependence is not as clear, with the standard
deviation taken into account it might not exist at all or be the opposite, se Table 3.2.5 and
Figure 3.2.7. All three materials have similar values of the CoF, it is around 0,6 for all sliding
speeds.
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When the lubricant was used in the contact against aluminum, the CoF dropped heavily,
down to 0,11 with some small variations, see Table 3.2.6 and Figure 3.2.8. A CoF around
0,1 indicates that it is boundary lubrication. The pressure in the lubricant is not sufficient to
separate the surfaces completely so some of the load is transferred through contact between
the highest surface peaks but the lubricant still reduces the contact between the surfaces.(10)
When taking a closer look at the CoF over time for all the experiments, see Figure 3.2.9-11
for steel, Figure 3.2.12-14 for dry aluminum and Figure 3.2.15-17 for lubricated aluminum, it
becomes clear that the materials have very similar friction properties, if not the same. Except
for some small variations, the curves almost follow each other completely. Thus, it seems
like the fact that they are grinded to the same surface finish dominates any variation in
material property, or that the materials have very similar properties in these friction cases.
Some of these similarities can be explained by the pick-up. For the steel case and especially
for the dry aluminum case, pick-up occurred almost instantly when starting the tests. So a
large portion of the contact can be seen as steel-steel or aluminum-aluminum contact rather
than coating-steel or coating-aluminum contact.
4.2.3

Material pick-up and wear

When it comes to the amount of pick-up and wear, some differences between the materials
emerged:
For the case of lubricated aluminum, all the tests look similar. A black substance has formed,
most probably a form of alumina. The same substance has been observed in the rolling mill
where the lubricant comes from. Under it, the coatings look unharmed but the cylinders has
a polished track, about the same size for all tests.
In the contact against steel, the first view implies that Cr3C2-NiCr got the most pick-up,
followed by WC-CrC-Ni and WC-Co the least, see Figure 3.2.18. The sliding speed affected
the pick-up, very little occurred at the lowest speed for all three materials and then it
increased.
A closer look at the samples exposed to the highest sliding speed shows the same trends.
WC-Co seems to have been worn the least and the other a bit worse, see Figure 3.2.21-26.
The image of WC-Co at 500x magnification gives an idea of the wear mechanism. It seems
like the steel is welded onto the coating and when it is torn of, it takes some of the coating
with it.
The micro images of the etched cylinder cross-sections show a layer about 20 µm thick
directly affected by the sliding. Looking closer there seems to be layers in the layer, which
could imply that steel is torn loose from another point of the surface and then builds up at
some other point, see Figure 3.2.27-32. This is observed for WC-Co and Cr3C2-NiCr but not
for WC-CrC-Ni. The surfaces all look affected and uneven from above so a reason for this
can be that the grinding and polishing ended at a point without any build-up.
For dry aluminum, the amount of pick-up is similar for the materials. If anything, it seems like
Cr3C2-NiCr has the least, see Figure 3.2.19. In contrary to the steel case, a lot of pick-up is
visible already at the lowest sliding speed and then get a bit worse as the sliding speed is
increased.
In the micro images of the coatings exposed to the highest sliding speed, see Figure 3.2.3439, WC-Co and Cr3C2-NiCr show very little wear and WC-CrC-Ni a bit more. On Cr3C2-NiCr
there is a big piece of aluminum, about 40 µm thick, but as mentioned before, this may
depend on where the polishing end since the surfaces are uneven. There can be another
explanation though. Since WC-CrC-Ni has a very thin layer of pick-up and seems to have
been worn below it, the aluminum might not have been able to build up very high but instead
tears off and brings with it small pieces of the coating. The other two coatings might have
better cohesion, making the aluminum harder to tear off and thereby enabling it to build up
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thicker. An indicator of this can be seen in Figure 3.2.46. It seems like a piece of the coating
is about to be torn loose. This was not observed for the other materials.
The etched cross-sections of the cylinders look very alike. The one against WC-Co was only
less etched, see Figure 3.2.40-45. The aluminum is affected deeper than the steel, about
100 µm. At the top there is some layer structure and below it heavily deformed grains. This
could be explained in the same way as for steel. The aluminum is heavily deformed and
pieces are torn loose, ending up on either the coating or on another part of the cylinder,
building up the layer structure. An extreme case of the layer build up was observed for the
cylinder against WC-Co, see Figure 3.2.47-48. It seems like the piece has gained material
layer by layer and might have been on the way to releasing some of it. It even looks like the
build-up piece of material has become so large that it has deformed the surface below it.
An important thing to notice about this wear analysis is that the tests were quite long. In
addition the sliding speed was higher than in the real case for the application and only the
highest tested sliding speed was closely examined. The long time was used to get a visible
and comparable result. The sliding speeds tested were the three lowest settings on the
equipment used. So as a conclusion, these results should be seen as somewhat
exaggerated.
5

Conclusion and recommendation

The parameter evaluation showed that all three materials could be deposited successfully
within the frames of the process variation set up for this work. The goal was to get coatings
with thickness/sweep values exceeding a set objective, thus enabling the coating to be made
in a manageable number of sweeps. Also the porosity was well below the set objective, as
measured with SEM. This shows that HVAF can be a valid technique to use for this
application.
In the end, high setting values were used for all three parameters: distance, chamber
pressure and powder feed rate. The results differed a bit when switching to a sample holder
with greater diameter, which shows the need to finely tune the process when changing the
substrate. However, I do believe that this can be used as a starting recipe in an possible
productization.
The results of the analysis can be summarized to a few comparisons:


The porosity was low for all coatings according to the SEM analysis (<1%), lowest for
WC-CrC-Ni followed by WC-Co and last Cr3C2-NiCr



The thickness/sweep was similar for all coatings (≈15 µm)



The hardness was a bit lower for Cr3C2-NiCr (800 HV 0,3) and about the same for the
other two (1200 HV 0,3)



The coefficient of friction (CoF) was very similar for the three materials except for a
few tests. Against steel the CoF showed a linear speed dependency, going from 0,3
at 0,16 m/s to 0,6 at 0,45 m/s. Against dry aluminum all tests was close to 0,6. In
almost all tests against lubricated aluminum, the CoF was close to 0,11, indicating
boundary lubrication.



The pick-up and wear properties differed somewhat. The materials showed very
similar behavior against lubricated aluminum. Against dry aluminum the amount of
visible pick-up was somewhat less for Cr3C2-NiCr but against steel it was the other
way around. WC-Co showed little wear against both aluminum and steel, Cr3C2-NiCr
showed little wear against aluminum and more against steel while WC-CrC-Ni
showed more wear against both aluminum and steel. The counterparts (the
aluminum and steel cylinders) looked similar after testing against the three coatings,
the aluminum was affected to around 100 µm in depth and steel to around 20 µm.
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All-in-all, when taking into account that the cost of the Cr3C2-NiCr coating is substantially
lower than for the other two, and that the examined wear is quite exaggerated, my
conclusion is that Cr3C2-NiCr is the best option to replace the coating used today. However,
it should be evaluated further, closer to the application. WC-Co can also be a valid option,
but then the objective to remove the use of cobalt from the products is not met and the
coating might need to be replaced again in the near future. It is a safe choice though, since it
is the closest to the coating used today. I believe that WC-CrC-Ni should only be seen as an
option if one wants to replace today's coating with something very similar in the
specifications, but without cobalt.
6

Future work

Full scale deposition of Cr3C2-NiCr would give a better view of how the process and coating
perform in the actual application. Also, a complete economic analysis needs to be done to
see the eventual final savings. In this work, only the powder consumption and cost has been
taken into consideration, leaving out the cost of operating the equipment, the gas
consumption, the savings through easier logistics and so on.
Some samples were sent away for adhesion analysis but the results did not return in the
time frame for this work, so they need to be reviewed when they arrive.
Tests to evaluate the residual stresses could also be done to see if they are lower, which
could be an advantage for HVAF over HVOF.
7
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Appendix
Appendix 1: Parameter evaluation – spray data
Values deleted due to corporate secrecy
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Appendix 2: Prediction plots from MODDE
Values on the parameters in the images below deleted due to corporate secrecy.
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