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A B S T R A C T

The goal of this study is to characterise the mechanical properties of zinc and manganese phosphate coatings
before and after running in. The characterization is done with nano-indentation to determine the individual
crystal hardness and single asperity scratch tests to investigate the deformation behaviour at the single asperity
level. The nano-indentation and scratch tests reveal brittle deformation behaviour for the as received coatings.
Under uni-directional sliding both layers reduce to a powder which is subsequently compacted to a so called glaze
layer. The smooth and brittle glaze layer has a higher hardness compared to the as received coating and its
properties can be satisfactorily described by models normally used for a hard coating on a soft substrate.
1. Introduction

Phosphate conversion coatings are often used to facilitate the
running-in phase of machine elements [1]. In the oil and gas industry
these coatings are, amongst others, used as corrosion protection [2–5] of
casing connections during storage. An added benefit of the coatings is the
improved galling resistance in the assembly phase [6].

The casing connections contain a metal-to-metal seal to ensure pres-
sure integrity of the created conduit after installation. The sealing per-
formance of metal-to-metal seals has been shown to be determined by the
surface texture and changes thereof [7–10]. Phosphate coatings, there-
fore, play an important role in the seal ability of the casing connections.

Typically zinc and manganese coatings consist of respectively hopeite
[11] and hureaulite [12] crystals. The crystal hardness is reported by
[13] to be 3.2 and 5 on the Mohs scale. Others report 2.5–3 Mohs and 3.5
Mohs respectively [1]. As the Mohs scale is ordinal, this only says that
hureaulite is harder than hopeite. The equivalent Vickers hardness
is 102–229 HV.

Kumar et al. [14] characterized zinc phosphate using micro hardness
indentations, wear experiments and corrosion experiments. They deter-
mined the micro hardness of the layer to be 50 HV and found that the
needle structure of zinc phosphate crystals plays an important role in the
wear behaviour of medium alloy low carbon steel. The experimentally
observed wear increase was attributed to the roughening of the surface
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and the subsequent increase in local contact stress. They found that the
phosphate process introduces considerable compressive residual stresses
in the substrate reducing fretting resistance. Furthermore, they observed
an increase in the coefficient of friction (COF) compared to bare steel
attributed to the increased contact area due to the softer layer. Finally,
they concluded that zinc phosphate is not effective in increasing wear
resistance.

The authors of this paper attribute the introduction of compressive
stresses to epitaxy. In [1] a misfit of -7% between the hopeite lattice and
α-Fe lattice is reported which indeed leads to tensile stresses in the
coating and thus compressive stresses in the substrate. Interestingly the
misfit of hureaulite is -1% and should thus lead to less issues with wear
resistance of the coating.

Previous work on the mechanical characterization of manganese
phosphate coatings was conducted by [15]. They derived a bulk behav-
iour law for manganese phosphate based on micro hardness indentations
combined with a finite element model. The finite element analysis is used
to match the experimental indentation data to provide the stress – strain
curves assuming a non-layered material. The combined data is fitted to a
modified Ludwick model. The procedure yields a continuous material
model that incorporates the coating to bulk transition. The surface
hardness was measured to be 125 HV.

The wear characteristics as function of the applied phosphating pro-
cess were first investigated by [3]. The findings were that a thin fine
f Engineering Technology, University of Twente, P.O. Box 217, 7500 AE Enschede, The
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grained coating gives superior wear performance. A more elaborate study
on the relation between the coating process and the seizure behaviour of
manganese phosphate was done by [16]. Considerable improvements
were obtained by fine tuning the cleaning, refining and phosphating
parameters. They also showed that the carbon content of the substrate
plays a significant role. Next to that they found that annealing the coating
yields considerable improvements in seizure resistance related to
improved oil retaining properties and increased surface hardness from
125 HV to 300 HV [17,15].

The general conclusion for the previous research was that the COF
goes down with increasing load and repeated sliding. This is attributed to
the formation of a flat and smooth glaze layer after sustained sliding [1].
It is also suggested in [13,1] that the phosphate layers have a certain
directionality or anisotropy owing to the crystal growth and aforemen-
tioned epitaxy leading to slight differences in deformation behaviour.

The cited investigators focused on long running systems and char-
acterization of the friction and wear at the macroscopic level. However,
the metal-to-metal seal undergoes a maximum total sliding length of
<0:5 m during assembly [18]. Short running systems, like casing con-
nections, and the deformation mechanism at the asperity level that gives
rise to the macroscopic friction and wear observations have not been
investigated. In order to properly model the phosphate coatings in a
contact and wear model [19] to predict its influence on seal ability a
characterization of their properties needs to be performed. This study
aims to characterize the deformation mechanism(s) of the phosphate
coatings before and after formation of a glaze layer.

2. Methods

In order to obtain fundamental insight in the effect of phosphate
coatings on surface evolution and thus sealing performance it is impor-
tant to characterise the initial phosphate layer as well as the evolution of
the phosphate layer. For the deformation behaviour nano-indentation
and scratch experiments are performed. The wear mode is determined
according to the works of [20,21]. The scratch tests will also be used to
determine layer hardness and shear strength using the method intro-
duced by Tayebi, Conry and Polycarpou (TCP) [22].

2.1. Phosphated specimens

The phosphated specimens were prepared from quenched and
tempered AISI4130 steel by water jetting 70�70�2 mm coupons from
100 mm bar material. These were subsequently ground on both sides to a
surface finish of Ra ¼ 0:1 μm. The substrate hardness was measured prior
to phosphating by the method of Section 2.3 at 500 mN resulting in a
hardness of 1.96±0.3 GPa.

After grinding, the specimens were cleaned, degreased and water
rinsed before they were dipped in the zinc or manganese phosphate bath.
See Table 1 for an overview of the process parameters. The resulting
Table 1
Overview of the phosphate conversion coating process for the AISI4130 substrate.

Step Treatment Zinc phosphate Manganese phosphate

1 Degreasing Gardoclean® 349,
50 g/l, 75 �C,
10 min dip

2 Rinsing cold water
3 Activation Gardolene® V6522,

2 g/l, 40 �C, 1 min dip
Gardolene® V6563,
4 g/l, 40 �C, 1 min dip

4 Phosphating Gardobond® Z3300,
75 �C, 5 min dip time,
Free acid: 18, Total acid:
112, Feþþ: 0.9 g/l

Gardobond® G4098þ5 g/l
Gardobond®Additive
H7050, 90 �C, 5 min
dip time, Free acid: 18;
Total acid: 119; Feþþ: 1 g/l

5 Rinsing cold water &
demineralized water

6 Drying oven 95 �C
– Coating weight 4.5 g/m2 10.95 g/m2
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coating weights are reported in the final row. Note, however, that due to
the morphology a coating thickness is difficult to define [1]. Therefore
absolute depths are reported in the results.

SEM micrographs of the coating are shown in Fig. 2. The morphology
for the zinc phosphate is the distinct needle shape [1] in agreement with
its orthorombic dipyramidal unit cell [11]. The morphology for manga-
nese phosphate is the characteristic plate structure [1] coming from its
monoclinic prismatic unit cell [12]. The manganese phosphate process
produces a much denser and more refined coating compared to zinc
phosphate. The surface roughness of the coatings was measured using a
confocal microscope (Keyence VK-9700) and is shown in Fig. 1. This
shows that zinc phosphate (Fig. 1a) produces a much rougher surface
compared to manganese phosphate (Fig. 1b).

X-ray diffraction (XRD) measurements were performed to charac-
terize the phosphate crystal type. The measurements were performed on
2 different positions on the sample surface. For the manganese phosphate
coatings, an additional measurement with a measurement time of
3600 s/frame was performed. The measurement settings are reported in
Appendix A. The XRD characterization of the specimens confirms that the
crystal structure for zinc phosphate is predominantly hopeite [11] while
for manganese phosphate it is hureaulite [12], see Fig. 3.

2.2. Experimental design of the scratch experiments

The scratch experiments are designed according to the work of [20].
The relations used to dimension the scratch pins are as follows and as-
sume plastic deformation,

θ ¼ arctan

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hð2r � hÞ
r � h

r

hsliding ¼ Fn

πrH
:

(1)

Where θ is the attack angle, h is the penetration depth and hsliding the
penetration depth during sliding. Based on Eq. (1) and assuming a con-
stant hardness, H, of 50 HV 0.005 of the coating layer according to [14]
two scratch pins with different round off radii were selected.

A sharp indenter made of quenched and tempered Sverker21 steel
with a round-off radius, r, of 100 µm which connects in a continuous
manner to a 90� conical section [20]. The surface hardness is 700 HV and
the surface finish is polished with an Ra ¼ 0:01 μm. A ball was used for
lower contact angles at higher contact loads and larger contact areas. The
ball is made of AISI52100 steel with a radius of 1500 μm, a surface
hardness of 700 HV, and a polished surface finish of Ra ¼ 0:01 μm. The
sliding velocity, v, is chosen as low as possible to minimize thermal ef-
fects. Scratch tests with constant load and with increasing load were
performed to respectively determine the deformation behaviour, scratch
hardness and shear strength of the layers. The tribofilms generated with
the ball in the constant load experiments were subsequently used to
determined the hardness of the layer and deformation behaviour after
run in. The experimental variation is determined by the round-off radius
and applied load. The experiments and their resulting attack angle,
penetration depth and sliding lengths are summarized in Table 2.

Prior to all the experiments the scratch pins and balls were ultra-
sonically cleaned in acetone for 15 min, subsequently dried with nitrogen
and wiped with lens paper.

The tests were performed on two tribotesters. The ploughing asperity
tester [20] and a Bruker UMT-3. The ploughing asperity tester is a
dedicated test set-up for single asperity tests. The machine was used for
the single unidirectional scratches. The Bruker UMT-3 is a universal
mechanical tester which was used in the pin on disc mode. In this case the
scratch tracks are placed in an arc. The machine was used for the scratch
hardness and the single and repeated unidirectional scratches on a single
wear track.

Next to the tribotester (UMT-3) depth measurement, the wear track
width and depth are measured using a confocal microscope. The height of



Fig. 2. SEM micrographs of the phosphate coatings and the crystals that they contain. a) Shows zinc phosphate with is characteristic needle structure b) is manganese phosphate with its
characteristic plate structure. Note the difference in magnification between the zinc and manganese phosphate specimens.

Fig. 3. X-ray diffractogram for zinc and manganese phosphate coated specimens. The intensity is normalized by the maximum intensity. The peaks at 52.4� and 77.3� are from the iron in
the substrate. The remaining diffractogram is in agreement with hopeite for zinc phosphate and hureaulite for manganese phosphate. Note that the second XRD measurement for
manganese phosphate was performed at 3600 s/frame.

Fig. 1. Height maps using confocal microscopy for both coatings. a) Shows the topology of zinc phosphate and b) for manganese phosphate. Height is scaled to the maximum of
zinc phsophate.
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Table 2
Overview of experiments.

Experiment Passes r Fn Loading l θ hsliding v
(#) (μm) (N) (–) (mm) (deg.) (μm) (mm/s)

Unidirectional 1 100 0.1–5 constant 5 16–45 0.6–32 0.1
1 1500 5–45 constant 5 3–9 2–20 0.1
10 1500 5–45 constant 5 3–9 2–20 0.1

Scratch hardness 1 100 0.1–5 ramp 1.8 16–45 0.6–32 0.1
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the deposition on the pins is also measured using a confocal microscope.
A subset of the pins were inspected using a SEM to identify the deposition
using EDX.

2.3. Nano-indentation

Nano-indentation is used to determine the surface hardness of the
phosphate coating before and after the generation of the tribofilm or glaze
layer [1] in the unidirectional sliding experiments. The goal of the
nano-indentation is threefold: to determine the surface hardness of the
coatings; to determine the deformation behaviour of the coatings and to
determine the transition from coating hardness to substrate hardness as
function of penetration depth. These results will then be used to charac-
terize the layers and can serve as input for a layered contact or wear model.

The structure (Fig. 2) of both phosphates gives a rough non-uniform
surface (Fig. 1). The indentation results reported here were all placed in
the needles for zinc phosphate and in random locations for manganese
phosphate. Furthermore, indents were performed in a wear track after 10
passes to investigate how the compaction of the phosphate layers
changes the surface hardness and deformation behaviour.

The equipment used for these experiments is the universal nano-
mechanical tester (UNAT) built by Asmec. The nano-indentation was
carried out using a diamond Berkovich tip. The loads applied ranged
from 1 to 500 mN. Each test was repeated 15 times, tests with fracture
events were discarded. The load was applied in 10 s, the hold time was
15 s and unloading was performed in 4 s. The tip geometry and mea-
surement set-up were validated prior to the measurements using a sap-
phire reference. To establish a datum for the indentation tests, an
indentation at 0.1 mN is made prior to the measurement. Processing of
the force-displacement curves is done according to the method of [23].

2.4. Determination of scratch hardness and shear strength

The hardness and shear strength will be determined from the
measured normal, Fn, and tangential force, Ft, with the method of [22],
here abbreviated as TPC method, by solving the following system of
equations,
Ft ¼ Hr2½α� sinðαÞcosðαÞ� þ 2sr2
h
∫ π=2
0 ∫ α

0sinðζÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2ðξÞ þ cos2ðξÞcos2ðζÞ

q
dζdξ

i

Fn ¼ π

2
Hr2sin2ðαÞ � sr2

�
sinðαÞ � cos2ðαÞln

�
1

cosðαÞ þ tanðαÞ
��

α ¼ θ ¼ arctan

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hð2r � hÞ
r � h

r
(2)
Where H is compound surface hardness, s is the shear stress opposite to
the sliding direction, α is defined as the angle of a line from the centre of
the sphere to the point of first contact with the layer equivalent to the
attack angle [20] and ζ; ξ are integration variables. The difference with
[22] is the use of the measured depth from the tribometer instead of
calculating the depth by adding a modelled elastic deformation to the
measured plastic deformation. This choice was made because of the
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difficulty of establishing a datum on these rough surfaces. Note that this
equation assumes bulk properties and is therefore only valid for relatively
small depth/coating thickness ratios.

3. Results & discussion

3.1. Nano-indentation as received coatings

The nano-indentation force – displacement curves at 3 mN are pre-
sented in Fig. 4. Comparing the indentation depths it can be seen that
zinc phosphate (ZnPh, Fig. 4a) has a lower indentation depth than
manganese phosphate (MnPh, Fig. 4b). The indentation curves show
instability during the indentation phase and large variability in inden-
tation depth. This is most apparent for MnPh. In certain cases the coating
failed in the hold phase. The instability and variability indicates brittle
material behaviour and subsequent failure of the coating and is
confirmed by the absence of elastic recovery.

The processed results in Fig. 5 show the indentation hardness and
depth for all applied normal loads. Indeed zinc phosphate is measured as
having a higher hardness than manganese phosphate. Multiple in-
dentations reveal a rather large spread in the observed crystal hardness as
shown in Fig. 5a. This is attributed to the brittleness combined with the
discrete crystals that the coating consists of. Based on the crystal hardness
found in literature [1,13] this result is unexpected and can be explained
by the following.

First, the approximate point of transition to the substrate hardness
from Fig. 5b is used to estimate the coating thickness. The zinc phosphate
coating has an average thickness of >6 μm and the manganese phos-
phate coating > 5 μm. This is supported by the coating weight [1].

Second, the area function for the Berkovich indenter is A ¼ 24:56 h2.
This gives for the zinc phosphate 3 mN indentation with h¼0.3 µm an
A¼2.2 µm2 or an equivalent length (square root of the area) of 1.5 µm.
The manganese phosphate 3 mN indentation with h¼0.7 µm an
A¼12 µm2 gives an equivalent length of 3.5 µm. The lengths are
compared to the crystal sizes using the microscopy in Fig. 2 and topog-
raphy in Fig. 1.

For zinc phosphate the hardness decreases with increasing load which
is explained by the roughness and long and narrow needle structure.
Under increasing load the contact area will grow beyond the width of the
needles reducing the support for the indenter and increasing the
measured penetration depth. The results in Fig. 5a support this hypoth-
esis showing decreasing hardness for increasing load and a much lower
hardness than expected close to the substrate.

For manganese phosphate the reverse is happening, the hardness
increases with load. Potential explanation are that the coating is



Fig. 4. Nano indentation results for both coating layers. The 3 mN load was applied in 10 s, the hold time was 15 s and unloading was performed in 4 s a) shows the results for zinc
phosphate and b) manganese phosphate.
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considerably softer and thinner than thought. Or because of the small
crystal size the indenter is cleaving the crystals. This is exemplified by the
instability during indentation as can be seen in Fig. 4b. As the indentation
depth increases more crystals participate in the contact recovering the
phosphate bulk hardness. Taking into account the thickness estimation
the results in Fig. 5a support the latter hypothesis.

Considering the above, the validity of instrumented hardness mea-
surements and the application of the Oliver & Pharr method [23] for
these coatings should be called into question. Therefore the observations
are only used qualitatively for the deformation behaviour.

The hypotheses above imply that the effective bulk hardness will be
lower than the nano-hardness for zinc phosphate and higher for man-
ganese phosphate. Based on Fig. 1, for zinc phosphate the area covered
by the higher needles is about a third. The large needle structure of the
zinc phosphate coating will first bear the load. This lowers the effective
hardness of the coating. Hence the bulk hardness will depend on two
coupled properties: the amount of crystals present on the surface and the
size of these crystals. Where the size is dependent on the initial amount of
crystal nucleation sites as the growth is restricted by neighbouring
crystals [1]. Then the following can be written for the bulk hardness,
Fig. 5. Statistical results of nano-indentation. a) Gives an overview of the average results for e
indentation depth.
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Hc ¼ Fn

A
indenter

Hb ¼ Atrue

Atotal
Hc

Atrue

Atotal
¼ ρcAc

(3)

Where Hc is the single crystal hardness as measured with nano-
indentation, Hb is the bulk hardness derived from the ensemble of sin-
gle crystals with area Ac and coverage ρc in crystals/square meter
defining the true area Atrue relative to the total area Atotal.

Applying Eq. (3) to the zinc phosphate example results in a bulk
hardness of 600 MPa based on the single crystal hardness of 1800 MPa
which is close to the earlier reported value of 50 HV in [14]. For man-
ganese phosphate this is much less of an issue, almost the full area will be
in contact owing to the smoothness of the surface. In both cases it means
that for high bulk hardness the coating coverage needs to be maximum,
advocating a fine and dense coating.

To obtain bulk coating properties from nano-identation of individual
crystals the following is proposed. The crystal density and single crystal
size can easily be obtained using image recognition software or as is done
ach coating, the error bar indicates the standard deviation. b) Shows the hardness versus



Fig. 6. Results of scratch testing with r¼100 µm radius tip. a) Shows depth as function of normal force during sliding. b) Shows the COF versus scratch length.
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here the true area can be measured directly from surface topography
measurement using a height cut-off filter.

3.2. Scratch hardness and shear strength from ramped load tests

The measured scratch depth versus scratch length and the corre-
sponding COF are depicted in Fig. 6. For both coatings the depth is initially
increasing at a similar rate, see Fig. 6a. For zinc phosphate the indenter is
reaching the substrate earlier evidenced by the change in penetration rate.
Comparing the results in Fig. 6b zinc phosphate has a lower COF than
manganese phosphate indicating easier removal of the coating.

Using Eq. (2) the resulting scratch hardness and shear strength are
computed and the result is shown in Fig. 7. As with the nano-indentation
the crystal density, ρcrystal, and associated roughness make it complicated to
perform a stable measurement on the specimens. The properties are
determined at 10% of the respective coating thickness. The resulting
scratch hardness averages around 1.2 GPa and is in agreement with the
nano-indentation results of Fig. 5. The shear strength of zinc phosphate
averages at 25 MPa which is lower than manganese phosphate at 50 MPa.

The reason for the difference in shear strength is threefold: complete
ZnPh needles (see Fig. 8a) are removed, the higher roughness of ZnPh
and thus the varying amount of material in front of the indenter and
Fig. 7. a) Shows the computed hardness and b) the computed shear strength from the scratch ex
shown in [22] the hardness converges with increasing depth to the substrate value.
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misfit of the ZnPh crystal lattice leading to tensile stresses in the coating.
This matches and explains the introductory remarks related to zinc
phosphate having lower wear resistance than manganese phosphate.

3.3. Deformation behaviour based on constant load tests

The following qualitative observations are made during the constant
load tests and are representative for the full set of experiments. Fig. 8
shows the balls after the 35 N tests. Both zinc Fig. 8a and manganese
Fig. 8b phosphate adhere strongly to the counter surface. The transfered
layer could not be removed by wiping or ultrasonic cleaning. Note that
the angle of attack will be reduced by the presence of the lump of
transferred material on the pin similar to the observations of [20]. Fig. 8c
and d show the measurement of the average height of the lump on the
respective balls. The lumps, disregarding the loose debris, are approxi-
mately 10 µm heigh after removal of the sphere.

It is further interesting to note the shape of the transfer layer formed
by the transferred phosphate. The shape exactly resembles the contact
area during fully plastic sliding, see for instance [24,25] justifying the
choice for Eq. (1). Next to that, the debris particles indicate a brittle
material. Reinforcing the notion of the coating being crushed by a brittle
failure mode. After crushing, the debris is subsequently compacted in the
periments. The results are truncated at 10 µm scratch depth for comparison with Fig. 5. As



Fig. 8. Comparison between zinc phosphate in a) and manganese phosphate in b) at a normal load of 35 N. Microscopy is taken before cleaning. Images are representative for the complete
set. c) Is the measured lump height after subtracting the sphere for a). The same is done for manganese phosphate b) in d).
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contact to form the lump. When using a sharp asperity having higher
contact angles this is not observed. In that case complete crystals are
lifted from the surface comparable to the wedging mode as described
by [21].

In Fig. 9 a SEM micrograph is shown of the zinc phosphate transfer
layer on the ball. Upon closer inspection brittle fracture lines can be
observed in the deposition confirming the earlier observations.
Furthermore the layer has the appearance of a densely packed powder
which has been polished to a very smooth surface finish. The EDX
Fig. 9. SEM recording of zinc phosphate transfer layer. Overview on the left, zoom in on the ri
fractures in the otherwise very smooth transfer film.
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analysis confirms that the transferred material is indeed consisting of
zinc, phosphorus and oxygen.

However, transfer of lumps of phosphate is not always observed.
Shown in Fig. 10 are two examples of instances where no transfer
occurred, one for each phosphate type. Fig. 10a shows the counter sur-
face after running against zinc phosphate. Fig. 10b shows the counter
surface is shown after running against manganese phosphate for which
the same observations are made. A silver coloured turning to brown
deposition can be observed which is confirmed with EDX to be a thin film
ght. The normal force during sliding was 30 N. Clearly visible are what seem to be brittle



Fig. 10. Overview of the wear scars for dry experiment without transfer to pin. a) Shows zinc phosphate and b) is manganese phosphate. The thin film was confirmed to be zinc or
manganese phosphate using EDX.
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of zinc or manganese phosphate.
The lack of transfer is explained by the different orientation of the

pins with the surface during sliding. Until now all experiments were
performed with the direction of grinding of the plate. In this case the
wear track described a circular path and thus traversed the ridges of the
underlying roughness. Upon traversing material from the pin is deposited
in the valleys as described in the previous section.

3.4. Wear tracks

A comparison of two wear tracks is shown in Fig. 11. Fig. 11a and c
are zinc phosphate and Fig. 11b and d are manganese phosphate. The
Fig. 11. Comparison of two wear tracks made with a 3 mm ball. Bottom after one pass at 45 N, t
and b) and d) are manganese phosphate. Notice how after one pass the underlying crystal st
crystallographic topology has been polished. Pile up is visible next to the wear tracks.
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lower 2 tracks are after a single scratch experiment, the top two tracks are
after 10� repeated unidirectional scratch experiments. Note how
initially only the peaks of the zinc phosphate are flattened, after 10�
repeated sliding the roughness is filled with the debris which is subse-
quently compacted and polished. Pile up of removed material is visible at
the sides of the wear track. In the manganese phosphate case this is less
pronounced due to the smaller crystal size, however, the same mecha-
nism is at play here based on the earlier observations of deposition on
the balls.

Further, after formation of a so called glaze layer [1] the wear process
enters a second phase of wearing through the formed layer. In this case
the layer is thinned until small pieces start to break out according to a
op after 10 passes at 35 N. Location is at the end of the tracks. a) and c) are zinc phosphate
ructure is still visible. After 10 passes the layer is compacted and the previously rough



Fig. 12. Statistical results of nano-indentation on the glaze layer. a) Gives an overview of the average results for each coating, the error bar indicates the standard deviation. b) Shows the
hardness versus indentation depth compared with a fit using (4) and (5).
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mechanism similar to delamination which exposes the underlying sub-
strate. Some of which is starting to occur in Fig. 11a.
3.5. Nano-indentation of formed tribofilm or glaze layer

The topmost wear tracks shown in Fig. 11 were indented with the
same loads as previous indentations to investigate the properties of the
glaze layer. The results are shown in Fig. 12 and it is observed that the
glaze layer possesses a significantly higher surface hardness over a longer
depth range compared to the as received coatings. This indicates also a
high cohesion between the individual debris particles. Which supports
the earlier hypothesis on the formation of a compacted layer of small
debris particles under the sliding contact.

A fit of the average indentation results versus depth is made with the
following models. The work of [26] states the compound hardness
as follows

H ¼ Hs þ ðHl � HsÞexp�βhc
t : (4)

Where H is the compound indentation hardness, Hs is the substrate
hardness, Hl is the layer hardness, β is a constant that depends on the
elastic modulus and yield strength of the layer and substrate, hc is the
indentation depth and t is the coating thickness. Korsunsky [27] derived
the following relation for the layer to substrate hardness transition

H ¼ Hs þ Hl � Hs

1þ k
�
hc
t

�2: (5)

Where k depends on whether the deformation is plasticity of fracture
dominated. Here Hl and β or k are used as fitting parameters. The result is
shown in Fig. 12b. The values found from the fitting procedure are shown
in Table 3. It shows that the glaze layer exhibits typical behaviour for a
hard layer on soft substrate. Care should be taken though because of the
large spread on the indentation results.

Note further that even though AISI4130 exhibits plastic strain
Table 3
Results of the fitting process using the models (4) and (5).

Model (4), [26] Model (5), [27]

Coating t (μm) β Hl (GPa) k Hl (GPa)

ZnPh 6 3.1 3.18 14.47 3.06
MnPh 5 1.3 3.47 2.74 3.36
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hardening [28], the hardness increase is entirely attributed to the
compaction of the phosphate into a glaze layer. This is supported by the
results because at deeper penetration the hardness converges to the “as
received” substrate value.
3.6. Implications for the full scale system

Previous investigators [14,15,17,16,1,3] found that zinc phosphate
coated systems have a higher wear rate than manganese phosphate. As
shown zinc phosphate will in practice exhibit a lower hardness because of
a reduced contact area owing to its roughness coming from its dendritic
crystal structure. As a consequence the counter surface will penetrate
deeper in the coating layer which, combined with its lower shear
strength, leads to higher wear.

The mechanism that allows the formation of a glaze layer [1] in
phosphated systems was shown to be as follows. The attack angle of the
asperity is kept low due to the formation of a lump. Therefore the system
remains in the ploughing regime. By keeping the attack angle low, the
counter surface compacts and polishes the phosphated surface. Further-
more there is a supply of phosphate to fill gaps in the surface topology
which is also subsequently compacted and polished. In contrast, the
sharp asperity removed complete crystals from the surface. This advo-
cates the use of phosphates on one surface rubbing against a smooth,
hence asperities with low attack angle, counter surface.

4. Conclusions

The mechanical properties and wear characteristics of dry zinc and
manganese phosphate coatings were investigated using nano-indentation
and a pin-on-disc tribometer. The hardness of the as received coating
layers and the formed glaze layer were determined using a Berkovich
indenter. Further, the scratch hardness and shear strength of the layers
were determined using single asperity scratch tests with a 100 µm and
1500 µm round off asperity.

1. The hardness tests of the as received coatings revealed brittle material
behaviour and fracture events. The zinc phosphate nano-hardness
was higher compared to manganese phosphate because of the dif-
ference in crystal structure.

2. The scratch tests further confirmed the brittle material behaviour.
The computed shear strength showed that zinc phosphate has a lower
shear strength than manganese phosphate because of complete
removal of the needle shaped crystallites.
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3. The formation of the glaze layer in phosphate coatings was shown to
be related to crushing and compaction of phosphate debris combined
with a low attack angle and the formation of a lump on the counter
surface. The lump lowered the attack angle keeping the system in the
ploughing regime allowing for the counter surface to polish the glaze
layer. The lump acts as a reservoir to fill up any gaps in the surface
topology leading to a homogeneous and flat glaze layer.

4. The glaze layer has a significantly higher hardness compared to as
received coating due to compaction of the worn phosphate crystals in
the sliding contact. The layer is brittle owing to the base coating
properties as shown by nano-indentation, SEM and the contact area
483
shape. The hardness of the layered system can be satisfactorily
described by standard models normally used for metallic layers.
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Appendix A. XRD settings

The crystallographic characterization of the phosphate is performed with a Bruker D8 Discovery HTS diffractometer equipped with a Vantec 2000
detector and a Co2K source. The following measurement parameters were used: Snout: 0.5 [mm], θ1 ¼ 5, θ2 ¼ 15, Frames: 3 with a frame width of 28
each, Scan axis: Coupled, Mode: step, Sample oscillation: None, Measurement time/frame: 1200 [s], Slit width: 1.2 [mm] line/0.5 [mm] point. Before
the start of the measurements, a reference corundum sample (1776, NIST) is measured to check the alignment of the detector.
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