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Abstract: Insoluble contaminant or a varnish is a result of oil degradation by products and sometimes depleted
additive molecules. This process is in most cases initiated by thermal stress placed on the oil. In tribology
varnish becomes a significant problem for modern complex machinery lubrication systems as it has severe
debilitating effects such as loss of operating clearances and heat transfer. Problems arising from varnish build-
up in lubricants can be inhibited by timely oil analysis which gives us important information about oil-
degradation level and current insoluble contaminants potential of oil. There are several laboratory testing
methods to describe varnish potential. The most applied one is a colorimetric analysis, also known as MPC
(Membrane Patch Colorimetry) as it tends to be reasonably quick and cost-effective. This study applies
principles generally used for MPC test of turbine oils to measure lubricant generated insoluble contaminants
of hydraulic fluids. For this purpose, in-service oil samples were taken from hydraulic circuits of rubber
vulcanizing presses and analyzed using testing method based on method defined by standard ASTM D7843 —
21. Accuracy of this testing method is dependent on development time of tested sample. Therefore, we not only
try to proof applicability of this method for hydraulic oils but also want to determine incubation time needed
for efficient and accurate determination of concentration of insoluble contaminants in the sample.

Keywords: insoluble contaminants; hydraulic oil; varnish; Membrane Patch Colorimetry; ASTM
D7843 - 21

1. Introduction

Hydraulic systems are a series of fluid-powered components that generate, control, and transmit
mechanical energy. They find wide-ranging applications in industries such as aerospace,
automobiles, power plants, and industrial manufacturing. One of the primary and inherent
components of every hydraulic system is hydraulic fluid or hydraulic oil. Hydraulic fluid not only
transmits power from one component to another but also provides lubrication to reduce friction and
offers protection against cavitation and corrosion. The properties of hydraulic oil have a significant
impact on the overall performance of the hydraulic circuit. Parameters like viscosity, temperature
range, and pressure rating are important considerations that depend on the specific application of
machine. Another utmost important parameter of every hydraulic oil, which should be monitored
carefully, is cleanliness during its operation. Wear or deterioration of the sealing surfaces of the circuit
will allow internal and external leakage of fluid causing contamination which will lead to severe
implications for the service life and operational safety of the machine. To measure overall
contamination of in-service hydraulic fluids several laboratory testing methods exist. [1]

The first testing method formerly developed in 1964 to define contamination classes in aircraft
hydraulic components is called NAS 1638. It defines oil cleanliness by using coding system with
differential counts which defines the maximum numbers permitted of 100mL of oil sample. This
method is now more often replaced with ISO 4406 standard, which uses cumulative counts and is
generally considered to be more representative.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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It must be state that both mentioned methods are not able to detect particles smaller than 5 um
therefore cannot detect varnish or oxidation products which can be as harmful for hydraulic and
turbine oils as larger metal particles and other contaminants. [2,3]

Laboratory testing method used to determine concentration of insoluble contaminants in in-
service oils using MPC is described by standard ASTM D7843 — 21 [4]. However, according to ASTM
this standard is only applicable for in-service turbine oils. For insoluble contaminants in hydraulic
fluids there is a standard ASTM D4898 — 16 that uses gravimetric analysis where contaminated oil is
filtered through a membrane filter disc to measure the overall weight of contaminants [5].

This study applies testing method described in ASTM D7843 — 21 which according to ASTM can
be applied for measurement of lubricant generated insoluble color bodies in in-service turbine oils
for testing varnish concentration in in-service hydraulic oil samples taken from rubber vulcanizing
press machine. These samples were not chosen by coincidence, but as a representative example of a
machine with hydraulic components that are exposed to a wide operating temperature range.

Rubber vulcanization is a process of cross-linking rubber molecules chemically with
organic/inorganic substance through the action of heat and pressure to increase mechanical strength
of the final rubber article. In manufacturing process of various rubber products, especially tires of
road vehicles, the heat and pressure are generated by special vulcanizing presses in combination with
vulcanizing agent. Initially as the vulcanization agent elemental sulfur was used with curing time of
over 5h for one vulcanizing process. Modern vulcanizing machines can still use sulfur as vulcanizing
agent, but the curing time has been significantly shortened with the use of accelerators to as short as
1-3 min [6].

Vulcanizing machines are generally operated using two-way hydraulic cylinders parallelly
driven by a hydraulic pump that creates pressure and a heating plate to crate sufficient heat (see
Figure 1.)
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Figure 1. Diagram of the rubber vulcanizing press.

During the rubber vulcanization process, a natural rubber part is placed inside a mold attached
to a heating plate. The heating plate is heated to operating temperature between 140-160 °C while
simultaneously pushing on the rubber product inside the mold. This is also a point of heat transfer
which not only happens between the heating plate and the mold but also between the heating plate
and the hydraulic piston rod.

The main source of oil oxidation can be identified here as well — when the piston rods of
hydraulic cylinders are heated it subsequently affects the hydraulic fluid within them.

Base oil slow oxidation is a chemical process of oil degradation in which the long chains of
hydrocarbon molecules that make up the oil lose hydrogen molecules and gain oxygen molecules
through a series of organic reactions. Antioxidants are almost always used in formulating synthetic
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hydraulic fluids however their efficiency decreases with time and due to oil contamination by
products that act as free radicals in oil oxidation processes. For oxidation stability testing, number of
methods has been developed such ASTM D2272 that uses rotating pressure vessel or ASTM D4310
that measures oil oxidation stability and sludge formation by following the acid number of oil [1,8].

As oil oxidation is the primary source of insoluble contaminants, also known as varnish, it is
essential to comprehend the process involved. Basically, all lubricant based oils can be classified as
organic compounds because they primarily consist of long chains of hydrocarbon molecules. These
chains of molecules consist of hydrogen and carbon atoms in nearly infinite number of variations.
Each atom is linked to another with a bond. The bonded structure of atoms is referred to as a
compound. Usually, the oxidation happens at the end of the chain, but it can occur in the middle as
well creating two carboxylic acids as a product [8]. The oxidation process can be described chemically
using R which represents undefined chain of hydrocarbon molecules (see Table 1.).

Table 1. Oil oxidation process [9].

Initiation RH->R +H

R + 0, - ROO
ROO + RH - ROOH + R
ROOH - RO + OH
Chain Branching RO + RH > ROH + R
‘OH + RH - H,0 + R

Chain Propagation

Termination 2RF > R—R

The most significant effect of oxidation in lubricants happens when a single chain is broken
down into two chains. By breaking down the chain, oil molecules start to fail at carrying the load
between two moving parts therefore it significantly debilitates the lubricating process itself. Another
problem occurs when new compounds with higher molecular weight are formed due to
polymerization processes. These compounds are responsible for formation of insoluble contaminants
(varnish and sludge) [8].

Insoluble contaminants and varnish build-up create a challenging problem for oil manufactures
as well as maintenance workers and oil laboratory technicians. In case of hydraulic circuits, they can
form layers of polymers in small cavities, valves and filters which are very difficult to dissolve and
can have a devastating impact on lubricating properties of hydraulic fluids as well as on operation
reliability of the hydraulic circuit itself.

The first step in degradation process of majority of lubricants can be recognized by formation of
amber-brown color bodies that indicate the higher potential for varnish build-up caused by thermo-
oxidative degradation or hydrolysis or combination of both. Modern hydraulic systems often use fire
resistant fluids that are based on phosphate esters, in this case the insoluble contaminants tend to
create brown or black (soot) colored insoluble bodies [5]. These can be recognized using MPC —
Membrane Patch Colorimetry. The process of MPC Measurement Methodology is described in the
next chapter.

Before proceeding with further investigation into insoluble contaminants, it is essential to
acknowledge that hydraulic circuits and the fluids circulating within them are subject to several
issues beyond oil oxidation alone. An optimal strategy for monitoring the condition of hydraulic
circuits involves employing multiparametric diagnostics. This approach integrates modern
diagnostic methods that offer valuable insights into the machinery's overall health and operating
condition [12].
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2. Materials and Methods

Validation of proposed insoluble contaminants concentration testing method using colorimetry
was performed by laboratory workers from Department of Machine and Industrial Design, Faculty
of Mechanical Engineering, VSB — Technical University of Ostrava.

First, unnamed local company which deals with manufacturing of rubber products was
addressed. This manufacturer has had lasting problems with their hydraulic vulcanizing presses.
They faced problems described in previous chapter as oil in hydraulic circuits of these presses
degraded quickly due to oxidation initiating varnish formation. This resulted in shortening oil
replacement intervals and caused repeated cleaning process of hydraulic components affected by
insoluble contaminants.

Our laboratory workers took 8 samples of hydraulic oil from 3 hydraulic circuits of vulcanizing
presses using sampling practice ASTM D4057-22 — Standard Practice for Manual Sampling of
Petroleum and Petroleum Products. Each of 3 groups of samples represents different level of
insoluble contaminants contamination. Special sampling containers were used to preclude exposure
to UV light from indoor and outdoor sources as it can increase deposit formation in oil sample. Each
sample contained approximately 150mL of in-service hydraulic oil. According to this standard each
sample should contain at least 60mL of the material to be tested [10].

After sampling procedure, all samples were brought to the Laboratory of Technical Diagnostics
at VSB — Technical University of Ostrava and placed into a laboratory oven.

According to ASTM D7843-21 samples shall be heated to 65°C for 24 hours, after the heating
procedure, samples shall be placed away from UV light for an incubation period of 68 h to 78 h [4,10].
Here we focus the main part our research when we try to determine whether this period can be
shortened or prolonged to receive more valid results of this test. By standard it was stated that
samples analyzed prior to this aging period may produce fewer color bodies resulting in lower value
of trend analysis [4], therefore gaining inaccurate results from this test.

2.1. Measurement Methodology

We created a measurement methodology based on ASTM D7843-21 which was used in this test.
The methodology is described in Tables 2-5. First after the sampling procedure we proceeded to the
heating and incubation procedures.

Table 2. Sample heating and incubation.

Using manual practice ASTM D4057 or automatic practice ASTM
D4177 at least 8 representative samples of approximately 150 mL of
the hydraulic fluid shall be obtained from hydraulic circuit tank.

The first reference sample shall be analyzed without any heating
procedure (after the standard 72 h incubation period). Remaining 7
of these samples shall be heated to 65 °C for 24 hours simultaneously
and then stored away from UV light at temperature between 15 °C
and 25 °C, at enclosed cabin.

Each sample shall be removed from the cabin after its incubation

period was achieved.
- 0 h (sample analyzed immediately after the heating
procedure)

- 12h

- 24h

- 48h

- 72h

- 9%h

- 120h
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*Incubation period can be prolonged based on number of samples and
individual preferences of a customer, or a laboratory works and always
should be reported in documentation as a deviation of Standard’s
methodology.

After the heating and incubation procedure, the sample shall be prepared for the filtration
process.

Table 3. Sample preparation.

Document the date and time at the beginning of the test.

To uniformly resuspend insoluble contaminants in the sample, mix
the sample vigorously for at least 15 s, after mixing there should be
no visible sediment at the bottom of the sampling bottle of adhered
to its wall.

Transfer 50 mL of sample into clean beaker or Erlenmeyer flask and
add 50 mL of petroleum ether, mix the sample, and let it stir for
approximately 30 s.

After the heating, incubation, and preparation procedures all samples shall be filtrated through
47 mm, 0.45 um membrane filter using filtration vacuum apparatus.

Table 4. Sample filtration.

Using forceps, mount the filter in center of the filter holder and
securely clamp the filter funnel to the filter.

Apply a vacuum of approximately 76 kPa, make sure the vacuum is
attained and held.

Carefully pour the sample into filter funnel within 2 min of initial
mixing described in Table 3.

Rinse the beaker twice with minimum of 35 mL of clean petroleum
ether.

Carefully wash adhering insoluble from funnel wall.

After permitting the filtrate to flow through completely, carefully
remove the clamp, funnel, and wash the wash the filter edges gently
with petroleum ether from the wash bottle.

Carefully release the vacuum, remove clamp, and filter holder.

Remove the filter from the filter holder using forceps and place it into
a clean, dry petri-dish. Dry the filter by placing it in a low-level heat
source free of ignition sources and dust particles until it dries
completely (usually around 3 h).

Table 5. MPC results of patch Group 1.

Sample

A *
(According to the Incubation L* a* b* Aa* Ab*  AL* AE* (i;b
Period)

95,5

Reference (Blank) Value 8 041 1,13
1,7 4

Sample 1 (0 h) 57’ 13,4 3(;” 12,99 29,3 43,81 54,27 42,29

4 1
Sample 2 (12 h) 60 >3 305 1496 29,39 -49,57 59,53 44,35

1 7 2
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60,7 10,1 26,9

Sample 3 (24 h) S0 TS 975 258 3483 4446 3561
Sample 4 (48 h) 456'1 17,9 322’1 1749 3099 -5042 61,71 4848
Sample 5 (72 h) 53;’8 1?’9 301’2 135 2908 -417 526 4258
Sample 6 (96 h) 53{’9 11'0 30,6 1363 2947 -4167 5282 431
Sample 7 (120 h) 477’0 1‘2’8 22;’7 1345 27,62 -4851 5741 41,07
ilir:t}:zg)s (72h - Without 0 116'5 21,1 11,15 2801 -3678 47,55 39,16

The final part of this laboratory test determinates color of the membrane patch using 3NH NR
200 precision colorimeter. Any type of standardized precision colorimeter can be used for this task
as long as it provides results in CIELAB color space.

CIELAB color space or CIE L*a*b* is a 3D color space that allows accurate measurement and
comparison of all perceivable colors using three color values. It was developed by International
Commission on Illumination (CIE) in 1976 with intend of improving Munsell color system and
creating a new standard for color communication [11]. CIELAB color space is produced by plotting
in rectangular coordinates three quantities — L*, a* b*, calculated using (1,2,3).

1/3

L' = 116 (Yln) —16 (1)
a* =500 (X%)I/S - (%)1/3 (2)
b* = 200 (Yin)l/s - (Zin)l/s (3)

Values Xn, Yn and Zn define the color of the normally white object-color stimulus, in case of
MPC colorimetry, it is a color of a new, clean, and dry membrane patch using relationship (4). Very
significant role plays the AE* or AE*a» MPC value that shows poor oil condition therefore shows the
increasing concentration of both varnish and soot [4]. The total difference AE*a» between two colors
is calculated using relationship (5). Usually, this value is used to describe aging process of oil by
comparing a color of a new unused oil and oil degraded by varnish. In our case we only compare
colors of more samples of used oil to check for accuracy based on sample incubation period.

X/Xn;Y/Yn;Z/Zn > 0,01 (4)

AE'qp = [(ALY? + (@22 + (A1) /2 (%)
The total difference A(a*+b*) is used to distinguish amber brown patches (colored by varnish)

from black patches with high AE value due to soot or high-temperature breakdown products [4], the
MPC value A(a*+b*) is calculated using equation (6).

A(a* + b*) = [(a*final — a*blank) + (b*final — b*blank)] (6)

Besides the MPC test, it has become a standard when measuring varnish concentration in oils to
record MPC patch weight or to provide a gravimetric analysis according to ASTM D4898 — 16.
However, in this test we only focus on MPC analysis, and its accuracy based on incubation period of
hydraulic oil samples.

3. Results

Using measurement methodology described in Tables 2-5, we analyze 3 groups each with 8
hydraulic oil samples obtained from 3 hydraulic circuits of rubber vulcanizing presses. After the
sampling procedure, all samples were provided with a description and a number, for e.g., Group 1,
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Sample 4, and stored in a dark, dust free cabin away from UV light sources in appropriate containers.
Sample 8 was analyzed prior to the heating procedure after the standard 72 h incubation period.
Other 7 samples were heated in a laboratory oven for approximately 24h at 65 °C. After the heating
procedure described in Table 2. samples were placed back into the cabin, then sample from each
group was randomly removed from the cabin and proceeded to a sample preparation process after
certain incubation period was achieved (12 h, 24 h, 48 h, 72 h, 96 h, 120 h). Then each sample was
prepared as described in Table 3. and filtrated as described in Table 4. As a result of this filtration
process, we received 24 varnish-colored patches (see Figure 2., Figure 3. and Figure 4.) that were
used to measure MPC values using 3NH NR 200 precision colorimeter. Before measuring L*, a*, b*
we calibrated the colorimeter using new, dry patch therefore we received L*, a* b* blank values for
a calculation of all delta values. In tables each group of samples is described by one Table with the
first row showing values of blank filter as reference value for further measurements. Other rows show
measured L*, a*, b* of each patch in first two columns, delta values AL¥, Aa*, Ab*in another three
columns and the last two columns show MPC values AE* and A(a*+b*). Each table is accompanied by
a Figure showing the pictures of all patches after the filtration process.

Sample 1 (Oh) Sample 2 (12h) Sample 3 (24h) Sample 4 (48h)

Sample 5 (72h) Sample 6 (96h) Sample 7 (120h) Sample 8 - Without Heating (72h)

Figure 2. Patch Group 1.

Judging by the MPC values AE*a» and A(a*+b*) the first group of samples show high varnish
concentration. Generally, it can be said that samples with AE* value higher than 35 show critical
concentration of insoluble contaminants. The hydraulic oil shall be changed, and the hydraulic circuit
shall be flushed immediately which was also suggested to the operator of the machine.

Table 6. MPC results of patch Group 2.

Sample

*
(According to the Incubation L* a* b* Aa* Ab* AL* AE* A(i)+b
Period)
95,5

Reference (Blank) Value 8 041 1,13

2 14,7
Sample 1 (0 h) 8 6’ ? 3,59 9' 3,18 13,66 -12,62 18,86 16,84
Sample 2 (12 h) 81'1 3,72 15;'1 331 14,04 -1344 19,71 17,35
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Sample 3 (24 h) 8@’9 339 144 298 1327 -12,65 18,57 16,25
Sample 4 (48 h) Si'l 2,98 125’7 2,57 11,62 -1044 1583 14,19
81,2

Sample 5 (72 h) 5 378 16 3,37 14,87 -14,33 20,92 18,24
2 14

Sample 6 (96 h) 8 7’ 6 3,43 6, 8 3,02 13,73 -1291 19,08 16,75

Sample 7 (120 h) 858'7 3 125'6 259 11,52 98 15,35 14,11

Sam[?le 8 (72h - Without 82,2 372 15,4 331 1435 1334 19,87 1766

Heating) 4 8

Sample 1 (0h) Sample 2 (12h) Sample 3 (24h) Sample 4 (48h)

Sample 5 (72h) Sample 6 (96h) Sample 7 (120h) Sample 8 - Without Heating (72h)

Figure 3. Patch Group 2.

The second group of samples show significantly lower varnish concentration than the first
group. MPC value is not greater than 21 in case of both AE*a» and A(a*+b*) which shows elevated
results. The machine should be monitored carefully and the MPC test shall be performed again to
validate measured results. If concentration crosses MPC value of 35, the oil shall be replaced

immediately.
Table 7. MPC results of patch Group 3.

Sample
(According to the Incubation L* a* b* Aa*  Ab*  AL* AE*  A(a*+b*)
Period)
Reference (Blank) Value 95,58 041 1,13
Sample 1 (0 h) 80,89 435 1654 394 1541 -1469 21,65 19,35
Sample 2 (12 h) 81,91 388 1571 347 1458 -13,67 20,28 18,05
Sample 3 (24 h) 7211 71 249 6,69 23,77 -23,47 34,07 30,46
Sample 4 (48 h) 7023 649 2506 6,08 2393 -2535 3538 30,01
Sample 5 (72 h) 7517 6,53 22,19 6,12 21,06 -2041 29,95 27,18
Sample 6 (96 h) 66,31 6,83 2511 6,42 2398 -2927 38,38 30,4

Sample 7 (120 h) 72,75 58 2291 539 21,78 -22,83 32 27,17
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Sample 8 (72 h - Without

. 71,83 624 2238 583 21,25 -2375 324 27,08
Heating)

Sample 1 (0h) Sample 2 (12h) Sample 3 (24h) Sample 4 (48h)

Sample 5 (72h) Sample 6 (96h) Sample 7 (120h) Sample 8 - Without Heating (72h)

Figure 4. Patch Group 3.

Last group of samples show similar results to the second group. MPC values can be considered
elevated. The recommendation given to the operator was the same as well in this case.

To quantify accuracy of our test methodology we compare results between groups of samples
using average deviation as a comparative tool. The average deviation can be calculated as seen below
in relationship (7) for AE*s values and relationship (8) for A(a*+b*) values.

M=y |AE ~ BE] @

i=1

n S
A@ +b")yp = Z |aa* +b*); —A(a* + b) )]
i=1
Average deviation of sample Group 1
AE*,,(GROUP 1) = 4,44 [—] 9)
A@* +b") 4 (GROUP 1) = 2,60 [—] (10)
Average deviation of sample Group 2
AE*,p,(GROUP 2) = 1,47 [-] (11)
A(a* +b*) 45 (GROUP 2) = 1,18 [-] (12)
Average deviation of sample Group 3
AE*,,(GROUP 3) = 4,92 [—] (13)
A(@* +b*)4p(GROUP 3) = 3,76 [—] (14)

4. Discussion
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Membrane Patch Colorimetry as a laboratory method for varnish potential testing has been used
for many years. It provides important information about oil condition while being quick and user-
friendly. Methodology described in ASTM D7843 - 21 standard describes usage of MPC for turbine
oils testing therefore it creates a basepoint for many oil-laboratories. This research describes our test
methodology which was based on ASTM D 7843 — 21. Tests performed according to this test
methodology proofed increased concentration of varnish in samples of hydraulic oil obtained from
rubber vulcanizing presses. It can be stated that samples served as a sufficient source of information
about insoluble contaminants formation in hydraulic circuits as presumed in Introduction.

The focus of this study was based around incubation time of oil samples after the sampling and
heating procedure. We tested 3 groups of 8 samples from 3 different rubber vulcanizing presses all
with increased concentration of varnish. In tests performed we compare primary AE*a» and A(a*+b¥)
values which are based on CIELAB color space, and which provide the main information about
varnish potential of each oil sample.

Each sample was tested based on methodology described in Tables 2-5 and analyzed using
precision colorimeter. Results of this analysis were presented using Tables and Figures with filter
patch pictures. The first group of samples shows the highest varnish and soot concentration in oil
represented with increased AE*a» and A(a*+b*) values. Results presented in Table 5. point out at
relatively low variance of L*, a* and b* values. The same can be stated about delta values as well.
Average deviation of AE*a» and A(a*+b¥) is also relatively low and comparable to the third group of
samples. The second group of samples represents not only the lowest concentration of varnish and
soot, but also the best results in terms of average deviation of AE*a» and A(a*+b*) values. It leads to
the question whether the low varnish concentration in oil is also related to sample resistance to
incubation time variations and we expect to study this in future research. Analysis results of the last
group of samples show similar progress to the first group in terms of AE*aand A(a*+b*) values and
their average deviations.

5. Conclusions

In this research paper we validated the effect of oil sample incubation time on accuracy of
colorimetric measurement of filter patches for insoluble contaminant concentration. Results of the
colorimetric analysis showed relatively low average deviation between MPC values of samples with
long and short incubation time in all 3 groups of samples. The group with the lowest varnish and
soot concentration also shows the best results in terms of average deviation of MPC values AE*a» and
A(a*+b*). Our test methodology shows that it is suitable for varnish potential testing of hydraulic oils.
In case of incubation time which was another main parameter validated in this study we can state
that in certain conditions the incubation period can be shortened although this eventuality should
always be mentioned in documentation as a deviation of Standard’s methodology.
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