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A B S T R A C T

The tribological behaviour of hydraulic fluids is mainly evaluated by standardized Vickers vane pump tests,
according to ASTM D7043, DIN 51389 or ISO 20763. These tests provide the closest possible representation of
actual working conditions, but require many hours of testing and large quantities of hydraulic fluids per ex-
periment, while the frictional behaviour of the tribosystem is not measured. Because of the long testing time, oil
quantity and cost, it is impractical to perform multiple tests and this makes the method unsuitable for devel-
opment purposes. In this work, a new methodology is proposed that allows for a fast and efficient pre-screening
and ranking of hydraulic fluids that correlates well with the Vickers vane pump test. To validate the metho-
dology, five different hydraulic fluids are tested and compared to ISO 20763 Vickers vane pump test results. The
aim is to achieve similar wear mechanisms and ranking of the anti-wear properties of hydraulic fluids. The future
goal is to propose a standardized method that will aid in the development of hydraulic fluids and will com-
plement existing standardized tests.

1. Introduction

Hydraulic systems are widely used in the manufacturing, construc-
tion, forestry, mining and transportation industries. Over the years,
systems for the transmission and distribution of power have become
more complicated, their applications more numerous and their oper-
ating conditions more demanding. Hydraulic fluids need to be im-
proved continuously to match the increasing industrial demands and
new requirements. Despite the large variety of commercial hydraulic
fluids, pump manufacturers and users have limited information on the
frictional and anti-wear properties of these fluids in real applications,
especially in the pump systems. This is mainly due to the lack of an
efficient tribological technique that can simulate the in-field conditions
of the vane pump.

A good review of available bench tests was done by Totten et al.
[1–3] during the 1990's: they identified the Vickers vane pump tests
(then ASTM D2882, now ASTM D7043) as the best standardized re-
presentation of actual working conditions in hydraulic pumps. Corre-
sponding modern standards ASTM D7043, DIN 51389 and ISO 20763
are based on this type of vane pump. However, the method has severe
practical limitations: testing requires 100 h (ASTM D7043) up to 250 h
(ISO 20763), a large quantity of hydraulic fluids per test is needed

(2×30 L for ASTM D7043 and 2×60 L for ISO 20763) and no data on
friction of the tribosystem are available. Furthermore, it has been found
that [4] the precision of these standards isn’t always sufficient to dis-
tinguish high performance oils with ISO 20763 wear rates< 20mg,
especially when only a single test result is available and therefore no
statistical information exist.

With these drawbacks in mind, researchers have tried to develop
new techniques [5,6] or utilize existing lab-scale tests [7,8] to com-
plement or replace the standardized Vickers tests. These efforts had
limited industrial impact, because the correlation between most of the
widely known lab-scale tests (Four Ball, SRV, Pin&Vee, etc.) and stan-
dardized Vickers tests is non-existent. An alternative approach was to
develop simulation models [9,10] based on the Vickers results. This
approach requires a lot of experimental input and unfortunately, to
date, not enough reliable statistical data are available [4] due to the
cost and duration of the standardized vane pump tests.

Therefore, the methodology that is proposed in this work, starts
from approaching the actual working conditions and matching the re-
sulting wear mechanism encountered in the standardized vane pump
test. The methodology was designed to provide a reliable ranking of
hydraulic fluids, shorten the test time considerably (up to 10 times
faster than ISO20763) and take into consideration the frictional
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behaviour of the tribosystem. This methodology was then validated on
five different modern hydraulic fluids: the obtained wear mechanisms
and the weight losses are correlated to those found in the ISO 20763
Vickers Vane Pump tests. The aim was to prove that similar wear
phenomena occurred both in the Vane Pump tests and in the proposed
methodology, and that a similar ranking (in terms of wear losses) of the
fluids was found.

2. Experimental

The pre-screening methodology was performed on a modified
FALEX MultiSpecimen Vane Pump (FMVP) test machine (Fig. 1a),
which used a vane-on-disk test configuration (Fig. 1b, c) and a hy-
draulic fluid recirculation test chamber (Fig. 1d). To eliminate loss of
fluids in the test chamber area and to ensure a steady flow, a flow-

controlled pump with separate temperature control system was in-
corporated (Fig. 1a). For these tests standardized high stress M-2 tool
steel vanes, with a hardness of 58–63 HRC, average roughness Ra
0.15–0.30 µm and a 6.35mm radius (Fig. 1b) were selected. In the
actual vane pump, vanes experience a special pressure pattern, caused
by their passing over the inlet and outlet ports. For the simulation
method, special disks were manufactured out of 52100 steel, with a
hardness of 58–63 HRC and an average roughness of 0.23–0.38 µm and
a geometry that caused similar pressure peaks to the vanes during lu-
bricated sliding (Fig. 1b). Three different areas can be discerned, as
indicated in Fig. 1b. Area A corresponds to the area of the highest
pressure, area B to medium pressure and C to the lowest pressure. The
design was numerically optimized to represent the pressure peaks and
the refreshing of the contact as it occurs in the vane pump tests.

To avoid cross-contamination of the tested hydraulic fluids, before
each series of tests (even for the same oil), the recirculation system, the
vane holder adapter, and the test chamber assembly are thoroughly
cleaned with an appropriate solvent. Several rinses were necessary to
completely remove all remaining test fluids and by-products from
previous runs. The setup was then dried using dry air and visually in-
spected to ensure it was free from any contamination. The recirculation
system was flushed with 1 l of test fluid for 5min to remove all traces of
cleaning solvent. The test fluid used for flushing the system was then
drained and discarded. Several flushes were required to completely
remove all traces of the cleaning solvent.

Disk and vanes were cleaned with heptane in an ultrasonic bath for
10min, dried and then weighed with an electrobalance with a

C 

B 

A

Fig. 1. (a) FMVP tester, (b) vanes placed in holder and disk counterface, (c) vane-on-disk contact and (d) hydraulic fluid recirculation test chamber.

Table 1
Testing parameters for pre-screening FMVP tests.

Test Parameters Step 1: parameter study Step 2: optimized parameters

Speed (rpm): 1500 1500
Load (N): 445 up to 1780 667
Time (h): 1 up to 20 20
Loading rate (N/s): 89–134 89
Oil volume (L): 3 3
Flow rate (LPM): 2 2
Temperature (°C): 70 70
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resolution of± 0.1 mg.
In the development of the methodology, two steps were undertaken.

In the first series of tests, one hydraulic fluid (‘hydraulic fluid A’) was
used, and the parameters of the methodology were varied and their
effect studied. The main parameters varied were the load on the system
and the testing time. Their effect on weight loss and the resulting wear
mechanisms of the tribosystem (vanes versus disk) were compared to
the mechanism and wear rate in a Vickers Vane Pump test. The aim of
this step was to optimize the testing conditions, so that measurable

wear occurred in a reasonably short time, without changing the wear
mechanism (as defined by Vane Pump tests). This ensured that the
methodology correlates with the Vane Pump tests.

In the second step, these optimized parameters were applied to five
different hydraulic fluids with known Vane Pump test results. After
testing, both the disk and vanes were cleaned with heptane in an ul-
trasonic bath for 10min, dried and then weighed in the electrobalance.
For each fluid and testing condition, triplicate tests were performed to
evaluate the repeatability of the method. The range of testing para-
meters for step 1 and the optimized parameters for step 2 are sum-
marized in Table 1.

Vickers vane pump tests were performed with the same hydraulic
fluids, according to the ISO 20763 standard. The test setup along with a
schematic of the pump assembly are given in Fig. 2a,b. The testing
parameters for the Vickers vane pump tests are given in Table 2. The
wear loss of both the ring and vanes was evaluated by weight loss
measurements in the electrobalance.

To match the wear mechanisms in the new methodology and in
Vickers Vane Pump tests, the post test surfaces were investigated using
a FEI XL 30 FEG microscope, connected to energy dispersive X-ray
analysis (EDS) apparatus.

10 µm 50 µm 

Fig. 2. (a) Vickers vane pump tester and (b) components and assembly of Vickers vane pump [3]; Optical evaluation of the (c) vanes and (d) ring after ISO 20763 Vickers test; SEM
evaluation of the (e) vanes and (f) ring after ISO 20763 Vickers test.

Table 2
Testing parameters for Vickers vane pump tests.

Test Parameters

Speed (rpm) 1500
Pressure (MPa) 14
Time (h) 250
Oil volume (L) 50
Flow rate (LPM) 25
Temperature (°C) Depending on viscosity.

Range 65 – 75 °C
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3. Results and discussion

3.1. Step 1: parameter study

The first step in validating this methodology was to fine-tune the
contact conditions, in order to accelerate the wear rate (thus to shorten
test duration) without changing the wear mechanism. Optical evalua-
tion after standardized Vickers Vane Pump tests (ISO 20763) show a
mild ploughing of the ring (Fig. 2d) and a flattening of the vanes
(Fig. 2c). Further analysis with SEM, revealed the same main wear
mechanism in both the vanes and ring, a mixture of mild abrasion
(ploughing lines as indicated by the black arrows in Fig. 2e, f) and
oxidative wear (oxide-based tribolayers as indicated by white arrows in
Fig. 2e, f). Thus, the aim of the parameter tests was to simulate these
mechanisms in the pre-screening FMVP setup.

To achieve this, tests with different conditions were performed on
hydraulic fluid A, and a failure map was constructed (Fig. 3a). In this
figure, three regions can be indicated (area with black circles, area with
hollow squares and area with hollow circles) depending on the contact
pressure (or applied load) and testing time. In the region with black
circles, similar wear mechanisms as in the Vickers Vane Pump tests

were observed, mild abrasion and oxidative wear mechanism, as con-
firmed by SEM observations (Fig. 3b,c).

In the region with hollow circles, a weight gain was observed,
caused by the build-up of material on both vanes and disk (as indicated
by the white arrows in Fig. 3d,e). This mechanism does not correlate
with reality as it appears to be adhesive wear rather than mild abrasion
and oxidative wear. In the region with the hollow square, the wear
mechanism changes to severe deformation damage on both the vanes
and disk, Fig. 3f,g. In this condition, the contact is clearly overloaded
and the wear mechanism doesn’t match with a successful Vickers Vane
Pump test result. By taking into consideration this failure map, it can be
said that wear can be accelerated by increasing the applied contact
pressure to a maximum of 0.85 GPa (corresponding to a load of 890 N
on 3 vanes). Beyond this load, the lubricant may fail to maintain the
dominant pump wear mechanism.

One of the advantages of this FMVP methodology is that it allows
monitoring of the evolution of friction (as torque) of the tribosystem, as
well as the temperature near the contacting surfaces. In this way a
correlation between friction and interfacial temperature can be ob-
tained. For example, during the test where severe wear occurred
(hollow square area of Fig. 3a) a sharp increase of coefficient of friction

 5 µm  5 µm 

Fig. 3. (a) Failure map for hydraulic fluid A based on pre-screening FMVP tests; SEM microstructures of (b) vanes and (c) disk after pre-screening tests with hydraulic fluid A at 890 N
(contact pressure ≈ 0.85 GPa) for 3 h (area black circles in Fig. 3a); SEM microstructures of build-up on (d) vanes and (e) disk after pre-screening tests with hydraulic fluid A at 1335 N
(contact pressure ≈ 1 GPa) for 5 h (area with hollow circle in Fig. 3a); SEM microstructures of severe damage to (f) vanes and (g) disk after pre-screening tests with hydraulic fluid A at
1780 N (contact pressure≈ 1.2 GPa) for 1 h (area with hollow square in Fig. 3a); (h) Evolution of torque during pre-screening tests at 1780 N (contact pressure≈ 1.2 GPa) with hydraulic
fluid A (area with hollow square in Fig. 3a).
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and an increase of interfacial temperature was measured (Fig. 3h). The
main achievement is that a comparison of the performance of different
hydraulic fluids (as shown in paragraph 3.2) and/or of the same fluid
under different conditions (e.g. contact pressure, fluid temperature,
rotation speed etc.) can be obtained efficiently.

After optimizing the contact pressure/loading conditions to gen-
erate the same wear mechanism as in the Vickers Vane Pump tests, the
wear evolution of the tribosystem was evaluated by performing

intermediate tests at 890 N for 1, 5 and 20 h. Weight loss is plotted vs.
time for duplicate tests of fluid A in Fig. 4a. From this figure it can be
seen that repeatable measurements were obtained, and the wear me-
chanism remained the same even after 20 h of testing (Fig. 4b,c). A
typical running in wear evolution was observed where the wear rate
was highest during the first few hours. This confirms the importance to
run a sufficiently long test (20 h) until “steady wear rate” conditions are
reached.

(d) (e) 

 5 µm  5 µm 

(f) (g) 

 5 µm  5 µm 

(h)

Fig. 3. (continued)
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3.2. Ranking of hydraulic fluids

After confirming that the pre-screening methods produced re-
peatable data and generated the same wear phenomena as in the
Vickers vane pump tests, a correlation study was carried out on five
hydraulic fluids according to ISO 20763. The weight losses (pre-
screening tests: vanes + disk, Vickers tests: vanes + ring) and a ranking
(from more to less wear resistant) for these fluids are presented in
Fig. 5a and Fig. 5b respectively.

From this figure it can be seen that the same ranking was obtained
with both methods. The measured wear losses do not match precisely
those of the Vickers test, which means that this pre-screening technique
can be used to rank fluids or to evaluate the effect of composition or test
parameters on the fluid, but the method cannot completely replace the
standardized Vickers test.

Additional ‘ranking’ of the examined hydraulic fluids is possible by
comparing their frictional behaviour (torque), Fig. 5c. Interestingly, the
hydraulic fluids with the lowest weight loss (Fig. 5a,b) also showed the
lowest friction in the tribosystem (Fig. 5c). The only exception was
hydraulic fluid E, which despite having the lowest ‘steady state’ torque,
resulted in a medium weight loss (Fig. 5b). This illustrates that friction
and wear do not always correlate perfectly. Indeed, two tribosystems

can have similar frictional behaviour but different wear, because the
frictional energy is dissipated differently into heat, fracture, deforma-
tion and/ the composition, size and density of wear particles at the
interface can be different [11]. In addition, the high torque recorded
during run-in should not be neglected. This ‘frictional pattern’ can be
either linked to a higher initial wear rate of the vanes and disk or to the
formation of a low shear strength film that lowers the friction [11]. This
is another clear argument for running sufficiently long tests (for at least
5 h), so as to reach ‘steady state’ conditions.

Fluctuation of the frictional torque was observed for hydraulic fluid
C. The origin of this fluctuation is as yet unknown, but can result from
the formation, accumulation and ejection of wear particles formed in
the contact. This hypothesis would conform with the higher weight loss
for this tribosystem (Fig. 5a). It is well established [12] that the gen-
eration of wear particles (debris) in a tribological contact can alter the
frictional behaviour of the system. Another factor could be the change
in roughness of the vanes and the disk by the wear mechanism. Changes
in roughness have a significant influence on the effective thickness of
the lubricating film (Stribeck curves [13]) and local film breakdown
leads to local asperity contacts that can cause metal to metal adhesion
and influence both friction and wear.

 5 µm  5 µm 

Fig. 4. (a) Evolution of wear on vanes + disk during pre-screening tests at 890 N (contact pressure≈ 0.85 GPa) with hydraulic fluid A; SEM microstructures of (b) vanes and (c) disk after
pre-screening tests with hydraulic fluid A at 890 N (contact pressure ≈ 1.2 GPa) for 20 h.
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4. Conclusions

• A pre-screening technique was developed to simulate the working
conditions in the Vickers Vane pump test with a modified Falex
Multispecimen with special vane-on-disk configuration.

• The pre-screening method was used so that the occurring wear
mechanism corresponds with that found in the Vickers Vane pump
tests.

• The advantages of the FMVP method are a much shorter test dura-
tion than Vickers Vane pump tests (20 h compared to 100 or 250 h)
and a smaller quantity of hydraulic fluid required (3 L compared to
60 L).

• A validation study confirmed that the FMVP method provides the
same ranking of hydraulic fluids as the Vickers Vane pump test.

• Additional information on the frictional torque evolution and the
interfacial temperature during each test can be used for further
analysis and evaluation of hydraulic fluids.
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Ranking Vickers test  FMVP test 

(least wear) 1 A A 

2 D D 

3 B B 

4 E E 

(highest wear) 5 C C 

Fig. 5. (a) Comparison of weight loss and (b) ranking of five different hydraulic fluids, obtained from Vickers (ISO 20763) and pre-screening FMVP tests (20 h at 667 N); (c) Evolution of
torque with test time for five hydraulic fluids during pre-screening tests at 667 N for 20 h.
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