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Abstract
The oil filter is a valuable source of information about the health of oil-wetted components in 
aircraft machinery, but is generally under-utilized.  Historically, the analysis of aircraft oil 
filter debris was time consuming and not really suited to in-field assessment.  In particular, the 
military context (regular deployments to remote localities or to sea) presents its own set of 
challenges for extracting useful information from oil filters.  Additionally, the introduction of 
fine oil filtration on some aircraft machinery has rendered traditional Spectrometric Oil 
Analysis (SOA) ineffective, leaving the filter and magnetic chip detector to provide 
information about oil-wetted component health.  The two primary difficulties associated with 
oil filter analysis are extracting the debris in a reliable and controlled manner and interpreting 
the debris to assess whether maintenance action is required.  A description of a recent filter 
patch trial on a portion of the Royal Australian Air Force (RAAF) PC9/A fleet is presented 
together with some considerations for the regular analysis of aircraft oil filter debris in the 
military environment.      

Keywords:  wear debris analysis, filter debris analysis, oil filters, filter patches.

Introduction

The purpose of Wear Debris Analysis (WDA) is to monitor and trend the health of oil-wetted 
components.  By monitoring and trending these components aircraft availability and reliability 
can be improved by identifying incipient failures prior to catastrophic failure.   However, the 
analysis of wear particles from aircraft oil-wetted systems remains a rudimentary proposition
when applied to military aircraft.  Despite the voluminous effort focused on vibration analysis 
and the associated signal processing, WDA of aircraft oil-wetted systems remains arguably the 
most widespread form of aircraft machinery condition monitoring, albeit with a relatively low 
level of sophistication.  Almost every gearbox and engine has at least one magnetic chip 
detector and may also have SOA applied.  Yet the assessment of chip detector debris usually 
only consists of a visual inspection and possibly a coarse measurement of the larger particles.  

The analysis of oil filters has been largely neglected as a form of condition monitoring or 
health assessment in the Australian Defence Force (ADF) with the exception of some RAAF
units.  Certainly it has not been a major force in the condition monitoring of deployed aircraft 
in the past for Royal Australian Navy (RAN) or Australian Army aircraft.  Filters contain a 
wealth of information about the system health, however assessment in the field presents its 
own unique problems.  This paper discusses one method currently applied to RAAF PC9/A
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aircraft that is simple, low cost and has a low training burden (essential in the military 
environment). Some general considerations for filter debris analysis are also presented.

Filter Debris Analysis

Filter Patch Analysis of RAAF PC9/A Aircraft

In January 2008 the Defence Science and Technology Organisation (DSTO), in conjunction 
with the Training Aircraft Systems Program Office (TASPO) and Pratt & Whitney Canada
(PWC), commenced a trial of the filter patch technique for assessing engine oil filter debris.  
The analysis of oil filter debris using this method can be an effective way of monitoring the 
health of oil-wetted components as it captures both ferrous and non-ferrous wear debris in a 
suitable size range for detecting incipient failures. The method involves extracting the debris 
from the filter element and depositing it on a filter patch for further analysis.  The trial initially 
focused on 16 RAAF PC9/A aircraft based at East Sale in Victoria, Australia, however the 
trial has now been expanded to include the remaining 48 aircraft.  The PC9/A aircraft is
powered by a single PWC PT6A-62 engine and is used for pilot training, instructor training 
and aerobatics (RAAF Roulettes).  The PT6A-62 engine, and associated gearboxes, have a re-
usable 15 micron filter that has a life of 900 hours.  

For this trial the oil filter patch test was conducted in conjunction with the routine oil filter 
maintenance interval (150 operational hours), resulting in minimal additional impost.  The 
aim of the trial was to assess the effectiveness of the technique and develop clear guidance 
that would enable an initial assessment to be made in the field.  Ultimately, it was intended 
that only filter patches that failed the initial assessment would be sent on for analysis by a 
laboratory.  

Extracting Filter Debris

The extraction of debris from the oil filter element and the subsequent capture on a filter patch 
involves a small number of steps using relatively simple and low cost equipment. The
extraction method involves plugging the outlet side of the filter element and inserting it into a 
cylindrical polypropylene bottle with a small quantity of solvent (Isopropyl alcohol in this 
instance).  The bottle is sealed and agitated manually to extract the debris from the filter 
pleats.  A DSTO assessment of this method has revealed a remarkably good extraction 
efficiency for particles greater than 60 micron (typically greater than 95% recovery).  The 
slurry is then passed through a 47mm diameter, 60 micron nylon Millipore filter patch 
inserted into a Millipore patch-making funnel to catch the significant wear debris.   

Analysis of Debris

For this trial the filter patch is then packaged and sent to DSTO for analysis. Prior to the 
analysis, high quality images of the overall patch and 40x images are taken (Fig. 1).  The 40x 
images capture key morphological attributes of the debris and are taken of both the typical 
debris and any unusual debris.  Following this a ferrous particle extraction is undertaken using 
a simple permanent magnet sleeved tool (Fig. 2).  

The number of particles and morphology of the significant particles is then assessed to 
determine the health of the oil-wetted system.   Whilst the ferrous debris is usually the most 
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critical in terms of engine health, bronze particles in particular are also important as they can 
indicate a failing journal bearing in the two-stage epicyclic gearbox.

  
Fig. 1: Example of the overall filter patch image (left) and the 40x image (right)

Fig. 2: Sleeved permanent magnet tool used for ferrous particle extraction

After the microscopic examination has been completed, the elemental composition of the 
significant metallic particles or particles present in substantial quantities are determined using 
a Scanning Electron Microscope (SEM) fitted with Energy Dispersive Spectroscopy (EDS) 
capability.  For the PT6A-62 engine, any debris exceeding the PWC guidance is analysed for 
elemental composition.  PWC have three categories of Non-Allowable debris that are 
described in Table 1 below [1].

Table 1: Non-Allowable debris for PT6A-62 engine
Debris Category Description

1 Identifiable fragments (gear teeth, keywasher 
keys etc.)

2 Large quantities (40+ particles) of hair-like 
filaments (fuzz) or powder including bronze 
particles

3 (type 1) Dark irregular magnetic chips >250 microns

3 (type 2) Small clusters of magnetic flakes >500 microns
(essentially fatigue spalling debris)



AIAC-13 Thirteenth Australian International Aerospace Congress

Sixth DSTO International Conference on Health & Usage Monitoring

The analysis results are then collated into a single page report and emailed to the maintenance 
venue and relevant stakeholders.  The results are also recorded on a DSTO database that 
contains all of the relevant information as well as a selection of images of the debris; Fig. 3 
shows the introductory screen of the DSTO PC9/A trial database.  Finally, the actual filter 
patch is stored in a desiccator cabinet for the duration of the trial.

Fig. 3: Introductory page of the DSTO PC9/A trial database

Trial Results

The results from the filter patch analysis are categorized into one of three groups:
1. Allowable: The debris does not exceed or approach any of the extant guidance.
2. Allowable - Marginal: Whilst the debris does not exceed the extant guidance, it 

does show some evidence of unusual wear or is close to exceeding the guidance. 
3. Non-Allowable:  the debris exceeds the extant guidance and further action is 

required in accordance with the engine maintenance manual in order to assess the 
health of the engine.

At the time of writing the trial had not yet concluded, however a total of 35 filter patches had 
been analysed.  Fig. 4 shows a histogram of the filter patch results at November 2008.  As 
expected the vast majority (approximately 83%) of filter patches were assessed as Allowable
with a further four patches being assessed as Allowable - Marginal.

Naturally, the most significant results were the two filter patches assessed as Non-Allowable.  
Fig. 5 shows typical debris from the first patch assessed as Non-Allowable.  Despite the 
significant quantity of debris present on this filter patch, the morphology (largely 
abrasive/cutting debris) and composition (predominantly AA 6061, AMS 4214 and AMS 
4260 aluminium alloys) suggested residual machining swarf from the previous overhaul 
which had been conducted 64.4 operational hours prior to the patch being made.
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Fig. 4: Histogram of filter patch results at November 2008

  
Fig. 5: Images of the debris from the first “Non-Allowable” filter patch

The other Non-Allowable filter patch contained AISI 9310 gear steel particles that showed the 
characteristics of a fatigue spall.  Fig. 6 shows an SEM EDS image of a fatigue particle that 
was extracted from this filter showing the radial cracking and feathered edge detail typical of a 
fatigue spall particle that has been rolled as it exits the load zone.  After discussions with the 
various stakeholders and some further ground running (after which more debris was detected), 
the engine was removed and sent to PWC overhaul facility in Brisbane.  The tear down of this 
engine revealed that the sun gear in the first stage epicyclic gearbox had spalled gear teeth 
(Fig. 7).  This gear had completed 2858 hours and was scheduled for replacement at 4000 
hours.
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Fig. 6: SEM EDS image of a spall particle from the AISI 9310 gear

Fig. 7: Sun gear from RAAF PT6A-62 engine showing spalled teeth

Non-Trial Planetary Bearing Failure

Within one month of detecting the sun gear spall particles, a PC9/A aircraft not participating 
in the trial (based at RAAF Pearce in Western Australia) made an emergency landing 
following low oil pressure and magnetic chip detector indications.  Upon inspection of the 
magnetic chip detector and filter by maintenance staff, substantial metallic debris was 
observed.  DSTO subsequently analysed the significant quantity of debris (Fig. 8) from both 
items and concluded that the debris was primarily made up of a combination of bronze and 
steel particles. 
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Fig. 8: Filter patch showing some of the substantial bronze debris recovered from the filter

SEM EDS analysis of the steel particles did not reveal any unique or identifying alloying 
elements, so gears and bearings were ruled out as a source.  Both types of particles did
however show characteristics consistent with an adhesive failure mode (parallel striations, 
Fig. 9). Upon tear down at PWC overhaul facility in Brisbane, one of the planet gear journal
bearings was found to have failed.  There was also evidence of localised heat distress of the 
steel planet carrier (Fig. 10).  The root cause of this incident and the sun gear spallation is still 
under investigation at the time of writing.  The filter patch technique is now being expanded 
to encompass all RAAF PC9/A aircraft.

  
Fig. 9: Examples of a steel particle (left) and a bronze particle (right) from the failed journal 

bearing showing the parallel striations typical of severe adhesive wear
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Fig. 10: First stage planet carrier showing localised heat tinting around the planet bearing 
location

Considerations for Filter Debris Analysis

Even before the conclusion of the trial a number of lessons have been learnt regarding this 
technique and oil filter analysis in general.  Presented here are some lessons learnt and 
considerations that may benefit similar programs.

Ferrous Debris

Apart from the patches that contained gear spall particles, the number of ferrous particles 
extracted from most filter patches was extremely small.  This is considered to be important 
because an incipient rolling contact fatigue failure of a dynamic component will shed ferrous 
debris and will therefore be detectable.  Certainly the experience to date indicates that a 
simple ferrous extraction is essential for even the most rudimentary analysis of filter patches. 
Whilst the sleeved tool currently in use is adequate it can suffer from static build-up in the 
Teflon orb, which has occasionally resulted in a few discrete particles of non-ferrous debris 
being carried over with the ferrous debris.  A portable hand-held electromagnet is currently 
being investigated as an alternative.  Additionally, the filter patch must be allowed to dry 
thoroughly before attempting the ferrous particle extraction, otherwise residual solvent or oil 
may bind particles together and prevent extraction of ferrous particles.

Sole Reliance on Laboratory Results

Initially the aim was for the maintenance venue to conduct a preliminary assessment of the
debris; only filter patches that failed the initial check would then be analysed by a laboratory.  
However, following the second Non-Allowable filter patch, feedback indicated a reluctance to 
assess anything at the maintenance venue and to instead rely solely on the laboratory analysis 
of all filter patches.  Whilst this is understandable, there is still scope to provide some detailed 
guidance in a user-friendly format for maintenance staff.  The guidance would have to be 
explicit and be visual to augment any extant maintenance manual guidance.  Even 
rudimentary images showing the characteristics of wear particles formed by fatigue, adhesion
and abrasion would provide some indication to staff of the source and severity of the debris.  
In the case of the PT6A engine, PWC are currently developing a substantial wear debris 
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handbook that will contain detailed images and procedures in order to augment the assessment 
of wear debris.

Filter Patches Standardize Debris Assessment

Even if only a visual inspection is employed with the filter patch technique, this has the
inherent advantage of standardizing how the debris is viewed.  Simply looking at filter 
element pleats is not adequate for obtaining any meaningful information.  Looking at the 
debris on a standard 47mm diameter filter patch provides some degree of rigour to the debris 
assessment. Trending filter patches at a reduced interval on suspect aircraft can help align 
unscheduled maintenance with a more convenient maintenance opportunity; certainly in the 
case of the PT6A engine, there is guidance for using the filter patch technique at 10, 25 and 50 
hour intervals to enable continued operation.  In the military environment the potential for
using the filter patch method to temporarily defer maintenance has clear benefits for deployed 
aircraft.  Trending can also enable monitoring of the level of hard particle contaminant (i.e. 
sand and grit) present in a system, which can be a precursor to abnormal wear.

Digital Images

DSTO have commenced assessing some low-cost digital microscopes that could be deployed 
with the filter patch kits.  These microscopes plug into a USB 2 port and can be used to 
produce reasonable quality images.  A comparison of the two microscopes being considered 
appears in Table 2.  The digital images produced by these devices can be sent via email to 
subject matter experts to rapidly assist deployed staff with the interpretation of wear debris.

Table 2: Specifications for Portable Digital Microscopes Used by DSTO for WDA
Name Handi-scope Dino Lite AM 413T
Manufacturer Micro-Photonics Inc Sunrise-Dino
Magnification range 40x to 140x 10x to 200x
Pixels 640 x 480 1280 x 1024
Light source 4 white LEDs 8 white LEDs
Sensor 1/3” CMOS 1/3” CMOS

Automatic Filter Debris Extraction

Whilst the GasTOPS FilterCHECK instrument was not used on this trial, it does appear to be 
a potential alternative to routine laboratory analysis of filter patches.  At the very least it 
appears it could provide an objective method of assessing filters in the field and determining 
when further laboratory analysis is required.  FilterCHECK (Fig. 11) extracts debris from 
filter elements that have been removed from the aircraft using pulses of compressed air and 
then passes the slurry through an inductive in-line wear debris sensor to determine the number 
of ferrous and non-ferrous particles; an approximate size distribution is also obtained. This 
data can then be trended or compared to a hard limit.  It is claimed that the in-line inductive 
sensor used in the FilterCHECK instrument is capable of detecting ferrous particles greater 
than 115 microns and non-ferrous particles greater than 400 microns. Finally, the debris is 
deposited on a filter patch for further elemental analysis if required.  These units have been 
used in the United States Navy EA-6B Prowler fleet [2] and Canadian Forces Sea King 
helicopters to identify incipient wear related failures [3]. A thorough evaluation of this device 
in the ADF environment is yet to be undertaken.



AIAC-13 Thirteenth Australian International Aerospace Congress

Sixth DSTO International Conference on Health & Usage Monitoring

Fig. 11: GasTOPS FilterCHECK

Elemental Analysis

One of the most useful pieces of information about wear debris is the elemental composition 
of the debris.  This can enable a criticality assessment of the debris by identifying potential 
sources or excluding critical components (such as gears and bearings) as the source.  
Currently, elemental analysis in the field (i.e. at the squadron level) is not viable however 
there is a case for an elemental analysis capability at larger operational bases.  Elemental 
analysis has traditionally been conducted using SEM EDS, however the substantial capital 
cost (in the order of A$700k) and on-going support contracts (typically A$20k/year) coupled 
with the stringent environmental requirements and substantial training burden for these 
devices mean they are impractical for most ADF bases and deployments. 

As an alternative, DSTO recently commissioned a bench-top X-ray Fluorescence (XRF) 
instrument at the RAN Navy Aviation Systems Program Office (NASPO) as a concept 
demonstrator for the analysis of wear debris [4].  These types of devices are substantially 
cheaper to purchase (typically less than A$100k) and require only minimal routine 
maintenance.  The training burden too is substantially less than that associated with an SEM.  
The bench-top XRF instruments only provide an elemental spectrum of the sample and do not 
have a microscopy capability.  The lack of a microscopy function in this type of instrument is 
not considered critical since a good quality optical or digital microscope is sufficient for most 
WDA requirements.

Dirt Alert Filter
  
This product is produced by Pall Aerospace Pty Ltd and is a sacrificial pleated paper element 
that fits over the filter pleats and is known as the diagnostic layer.  The diagnostic layer has 
approximately 95% capture efficiency for particles greater 70 microns [5] and can then be 
removed and visually assessed.  This type of element has been used on the RAAF F-111 TF30 
engine fleet for rapid diagnostics.  Whilst extracting the debris is simple and requires no other 
equipment, retro-fitting this type of filter element to legacy aircraft requires some engineering 
effort for certification. Analysis of the debris is achieved manually by visual inspection and 
then further examination can be done by manually extracting individual pieces of debris for 
microscopic or elemental analysis as required.
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A Comment on Spectrometric Oil Analysis

A common misconception is that SOA encompasses a complete oil analysis program.  The 
significant limitations of this technique appear to have been lost on the general aviation 
maintenance population.  SOA has a maximum particle detection threshold of approximately 
8 micron (at best 10 micron); this is sub-visible.  With the introduction of fine filtration (i.e. 3 
micron absolute) in some modern aircraft and as a retrofit on some legacy aircraft, SOA is 
considered ineffectual, even taking into account the inherent limitations.  Whilst the overall 
value of an SOA program is questionable [6] in the modern military environment, there is 
substantial evidence of the enduring benefit that fine filtration brings to oil-wetted systems [7,
8].  In the military environment in particular, sampling hygiene and issues regarding the 
timely transportation of samples have not been kind to this technique.

Conclusion

Aircraft oil filters have been largely ignored as a form of condition monitoring in the ADF
with only a few exceptions.  The filter contains a wealth of information about the health of the 
machinery, however there are some hurdles to extracting meaningful information from this 
source when deployed. Ship-deployed aircraft or aircraft operating in remote localities present 
a significant problem in terms of timely and accurate assessment of oil filter debris.  

The filter patch technique only requires simple and low cost equipment that can be deployed 
in the field with very little training burden; essentially a detailed written procedure is 
sufficient to produce a filter patch. Unfortunately, without well written explicit guidance, the 
assessment of the debris once the patch is made may not always be possible in the field.  
Several augmentations and alternatives to the filter patch method have been discussed.

Certainly with the implementation of fine filtration on aircraft oil-wetted systems, traditional 
oil analysis methods (such as SOA) have questionable worth.  Filter debris analysis appears to 
be a rich source of information which has the potential to provide valuable machinery health 
information to maintenance staff, provided it can be extracted and interpreted.
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Abstract
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Keywords:  wear debris analysis, filter debris analysis, oil filters, filter patches.

Introduction


The purpose of Wear Debris Analysis (WDA) is to monitor and trend the health of oil-wetted components.  By monitoring and trending these components aircraft availability and reliability can be improved by identifying incipient failures prior to catastrophic failure.   However, the analysis of wear particles from aircraft oil-wetted systems remains a rudimentary proposition when applied to military aircraft.  Despite the voluminous effort focused on vibration analysis and the associated signal processing, WDA of aircraft oil-wetted systems remains arguably the most widespread form of aircraft machinery condition monitoring, albeit with a relatively low level of sophistication.  Almost every gearbox and engine has at least one magnetic chip detector and may also have SOA applied.  Yet the assessment of chip detector debris usually only consists of a visual inspection and possibly a coarse measurement of the larger particles.  

The analysis of oil filters has been largely neglected as a form of condition monitoring or health assessment in the Australian Defence Force (ADF) with the exception of some RAAF units.  Certainly it has not been a major force in the condition monitoring of deployed aircraft in the past for Royal Australian Navy (RAN) or Australian Army aircraft.  Filters contain a wealth of information about the system health, however assessment in the field presents its own unique problems.  This paper discusses one method currently applied to RAAF PC9/A aircraft that is simple, low cost and has a low training burden (essential in the military environment).  Some general considerations for filter debris analysis are also presented.  

Filter Debris Analysis

Filter Patch Analysis of RAAF PC9/A Aircraft 

In January 2008 the Defence Science and Technology Organisation (DSTO), in conjunction with the Training Aircraft Systems Program Office (TASPO) and Pratt & Whitney Canada (PWC), commenced a trial of the filter patch technique for assessing engine oil filter debris.  The analysis of oil filter debris using this method can be an effective way of monitoring the health of oil-wetted components as it captures both ferrous and non-ferrous wear debris in a suitable size range for detecting incipient failures. The method involves extracting the debris from the filter element and depositing it on a filter patch for further analysis.  The trial initially focused on 16 RAAF PC9/A aircraft based at East Sale in Victoria, Australia, however the trial has now been expanded to include the remaining 48 aircraft.  The PC9/A aircraft is powered by a single PWC PT6A-62 engine and is used for pilot training, instructor training and aerobatics (RAAF Roulettes).  The PT6A-62 engine, and associated gearboxes, have a re-usable 15 micron filter that has a life of 900 hours.  

For this trial the oil filter patch test was conducted in conjunction with the routine oil filter maintenance interval (150 operational hours), resulting in minimal additional impost.  The aim of the trial was to assess the effectiveness of the technique and develop clear guidance that would enable an initial assessment to be made in the field.  Ultimately, it was intended that only filter patches that failed the initial assessment would be sent on for analysis by a laboratory.  

Extracting Filter Debris


The extraction of debris from the oil filter element and the subsequent capture on a filter patch involves a small number of steps using relatively simple and low cost equipment. The extraction method involves plugging the outlet side of the filter element and inserting it into a cylindrical polypropylene bottle with a small quantity of solvent (Isopropyl alcohol in this instance).  The bottle is sealed and agitated manually to extract the debris from the filter pleats.  A DSTO assessment of this method has revealed a remarkably good extraction efficiency for particles greater than 60 micron (typically greater than 95% recovery).  The slurry is then passed through a 47mm diameter, 60 micron nylon Millipore filter patch inserted into a Millipore patch-making funnel to catch the significant wear debris.   

Analysis of Debris


For this trial the filter patch is then packaged and sent to DSTO for analysis.  Prior to the analysis, high quality images of the overall patch and 40x images are taken (Fig. 1).  The 40x images capture key morphological attributes of the debris and are taken of both the typical debris and any unusual debris.  Following this a ferrous particle extraction is undertaken using a simple permanent magnet sleeved tool (Fig. 2).  

The number of particles and morphology of the significant particles is then assessed to determine the health of the oil-wetted system.   Whilst the ferrous debris is usually the most critical in terms of engine health, bronze particles in particular are also important as they can indicate a failing journal bearing in the two-stage epicyclic gearbox.


  

Fig. 1: Example of the overall filter patch image (left) and the 40x image (right)





Fig. 2: Sleeved permanent magnet tool used for ferrous particle extraction


After the microscopic examination has been completed, the elemental composition of the significant metallic particles or particles present in substantial quantities are determined using a Scanning Electron Microscope (SEM) fitted with Energy Dispersive Spectroscopy (EDS) capability.  For the PT6A-62 engine, any debris exceeding the PWC guidance is analysed for elemental composition.  PWC have three categories of Non-Allowable debris that are described in Table 1 below [1].


Table 1: Non-Allowable debris for PT6A-62 engine 

		Debris Category

		Description



		1

		Identifiable fragments (gear teeth, keywasher keys etc.)



		2

		Large quantities (40+ particles) of hair-like filaments (fuzz) or powder including bronze particles



		3 (type 1)

		Dark irregular magnetic chips >250 microns



		3 (type 2)

		Small clusters of magnetic flakes >500 microns


(essentially fatigue spalling debris)





The analysis results are then collated into a single page report and emailed to the maintenance venue and relevant stakeholders.  The results are also recorded on a DSTO database that contains all of the relevant information as well as a selection of images of the debris; Fig. 3 shows the introductory screen of the DSTO PC9/A trial database.  Finally, the actual filter patch is stored in a desiccator cabinet for the duration of the trial.



Fig. 3: Introductory page of the DSTO PC9/A trial database


Trial Results


The results from the filter patch analysis are categorized into one of three groups:

1. Allowable: The debris does not exceed or approach any of the extant guidance.

2. Allowable - Marginal: Whilst the debris does not exceed the extant guidance, it does show some evidence of unusual wear or is close to exceeding the guidance. 


3. Non-Allowable:  the debris exceeds the extant guidance and further action is required in accordance with the engine maintenance manual in order to assess the health of the engine.

At the time of writing the trial had not yet concluded, however a total of 35 filter patches had been analysed.  Fig. 4 shows a histogram of the filter patch results at November 2008.  As expected the vast majority (approximately 83%) of filter patches were assessed as Allowable with a further four patches being assessed as Allowable - Marginal. 

Naturally, the most significant results were the two filter patches assessed as Non-Allowable.  Fig. 5 shows typical debris from the first patch assessed as Non-Allowable.  Despite the significant quantity of debris present on this filter patch, the morphology (largely abrasive/cutting debris) and composition (predominantly AA 6061, AMS 4214 and AMS 4260 aluminium alloys) suggested residual machining swarf from the previous overhaul which had been conducted 64.4 operational hours prior to the patch being made.
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Fig. 4: Histogram of filter patch results at November 2008

  

Fig. 5: Images of the debris from the first “Non-Allowable” filter patch

The other Non-Allowable filter patch contained AISI 9310 gear steel particles that showed the characteristics of a fatigue spall.  Fig. 6 shows an SEM EDS image of a fatigue particle that was extracted from this filter showing the radial cracking and feathered edge detail typical of a fatigue spall particle that has been rolled as it exits the load zone.  After discussions with the various stakeholders and some further ground running (after which more debris was detected), the engine was removed and sent to PWC overhaul facility in Brisbane.  The tear down of this engine revealed that the sun gear in the first stage epicyclic gearbox had spalled gear teeth (Fig. 7).  This gear had completed 2858 hours and was scheduled for replacement at 4000 hours.

 




Fig. 6: SEM EDS image of a spall particle from the AISI 9310 gear



Fig. 7: Sun gear from RAAF PT6A-62 engine showing spalled teeth 

Non-Trial Planetary Bearing Failure


Within one month of detecting the sun gear spall particles, a PC9/A aircraft not participating in the trial (based at RAAF Pearce in Western Australia) made an emergency landing following low oil pressure and magnetic chip detector indications.  Upon inspection of the magnetic chip detector and filter by maintenance staff, substantial metallic debris was observed.  DSTO subsequently analysed the significant quantity of debris (Fig. 8) from both items and concluded that the debris was primarily made up of a combination of bronze and steel particles. 



Fig. 8: Filter patch showing some of the substantial bronze debris recovered from the filter

SEM EDS analysis of the steel particles did not reveal any unique or identifying alloying elements, so gears and bearings were ruled out as a source.  Both types of particles did however show characteristics consistent with an adhesive failure mode (parallel striations, Fig. 9). Upon tear down at PWC overhaul facility in Brisbane, one of the planet gear journal bearings was found to have failed.  There was also evidence of localised heat distress of the steel planet carrier (Fig. 10).  The root cause of this incident and the sun gear spallation is still under investigation at the time of writing.  The filter patch technique is now being expanded to encompass all RAAF PC9/A aircraft. 

  

Fig. 9: Examples of a steel particle (left) and a bronze particle (right) from the failed journal bearing showing the parallel striations typical of severe adhesive wear




Fig. 10: First stage planet carrier showing localised heat tinting around the planet bearing location

Considerations for Filter Debris Analysis

Even before the conclusion of the trial a number of lessons have been learnt regarding this technique and oil filter analysis in general.  Presented here are some lessons learnt and considerations that may benefit similar programs.

Ferrous Debris

Apart from the patches that contained gear spall particles, the number of ferrous particles extracted from most filter patches was extremely small.  This is considered to be important because an incipient rolling contact fatigue failure of a dynamic component will shed ferrous debris and will therefore be detectable.  Certainly the experience to date indicates that a simple ferrous extraction is essential for even the most rudimentary analysis of filter patches.  Whilst the sleeved tool currently in use is adequate it can suffer from static build-up in the Teflon orb, which has occasionally resulted in a few discrete particles of non-ferrous debris being carried over with the ferrous debris.  A portable hand-held electromagnet is currently being investigated as an alternative.  Additionally, the filter patch must be allowed to dry thoroughly before attempting the ferrous particle extraction, otherwise residual solvent or oil may bind particles together and prevent extraction of ferrous particles.

Sole Reliance on Laboratory Results

Initially the aim was for the maintenance venue to conduct a preliminary assessment of the debris; only filter patches that failed the initial check would then be analysed by a laboratory.  However, following the second Non-Allowable filter patch, feedback indicated a reluctance to assess anything at the maintenance venue and to instead rely solely on the laboratory analysis of all filter patches.  Whilst this is understandable, there is still scope to provide some detailed guidance in a user-friendly format for maintenance staff.  The guidance would have to be explicit and be visual to augment any extant maintenance manual guidance.  Even rudimentary images showing the characteristics of wear particles formed by fatigue, adhesion and abrasion would provide some indication to staff of the source and severity of the debris.  In the case of the PT6A engine, PWC are currently developing a substantial wear debris handbook that will contain detailed images and procedures in order to augment the assessment of wear debris.

Filter Patches Standardize Debris Assessment

Even if only a visual inspection is employed with the filter patch technique, this has the inherent advantage of standardizing how the debris is viewed.  Simply looking at filter element pleats is not adequate for obtaining any meaningful information.  Looking at the debris on a standard 47mm diameter filter patch provides some degree of rigour to the debris assessment. Trending filter patches at a reduced interval on suspect aircraft can help align unscheduled maintenance with a more convenient maintenance opportunity; certainly in the case of the PT6A engine, there is guidance for using the filter patch technique at 10, 25 and 50 hour intervals to enable continued operation.  In the military environment the potential for using the filter patch method to temporarily defer maintenance has clear benefits for deployed aircraft.  Trending can also enable monitoring of the level of hard particle contaminant (i.e. sand and grit) present in a system, which can be a precursor to abnormal wear.

Digital Images

DSTO have commenced assessing some low-cost digital microscopes that could be deployed with the filter patch kits.  These microscopes plug into a USB 2 port and can be used to produce reasonable quality images.  A comparison of the two microscopes being considered appears in Table 2.  The digital images produced by these devices can be sent via email to subject matter experts to rapidly assist deployed staff with the interpretation of wear debris.


Table 2: Specifications for Portable Digital Microscopes Used by DSTO for WDA


		Name

		Handi-scope

		Dino Lite AM 413T



		Manufacturer

		Micro-Photonics Inc

		Sunrise-Dino



		Magnification range

		40x to 140x

		10x to 200x



		Pixels

		640 x 480

		1280 x 1024



		Light source

		4 white LEDs

		8 white LEDs



		Sensor

		1/3” CMOS

		1/3” CMOS





Automatic Filter Debris Extraction 

Whilst the GasTOPS FilterCHECK instrument was not used on this trial, it does appear to be a potential alternative to routine laboratory analysis of filter patches.  At the very least it appears it could provide an objective method of assessing filters in the field and determining when further laboratory analysis is required.  FilterCHECK (Fig. 11) extracts debris from filter elements that have been removed from the aircraft using pulses of compressed air and then passes the slurry through an inductive in-line wear debris sensor to determine the number of ferrous and non-ferrous particles; an approximate size distribution is also obtained. This data can then be trended or compared to a hard limit.  It is claimed that the in-line inductive sensor used in the FilterCHECK instrument is capable of detecting ferrous particles greater than 115 microns and non-ferrous particles greater than 400 microns. Finally, the debris is deposited on a filter patch for further elemental analysis if required.  These units have been used in the United States Navy EA-6B Prowler fleet [2] and Canadian Forces Sea King helicopters to identify incipient wear related failures [3]. A thorough evaluation of this device in the ADF environment is yet to be undertaken.



Fig. 11: GasTOPS FilterCHECK

Elemental Analysis

One of the most useful pieces of information about wear debris is the elemental composition of the debris.  This can enable a criticality assessment of the debris by identifying potential sources or excluding critical components (such as gears and bearings) as the source.  Currently, elemental analysis in the field (i.e. at the squadron level) is not viable however there is a case for an elemental analysis capability at larger operational bases.  Elemental analysis has traditionally been conducted using SEM EDS, however the substantial capital cost (in the order of A$700k) and on-going support contracts (typically A$20k/year) coupled with the stringent environmental requirements and substantial training burden for these devices mean they are impractical for most ADF bases and deployments.  

As an alternative, DSTO recently commissioned a bench-top X-ray Fluorescence (XRF) instrument at the RAN Navy Aviation Systems Program Office (NASPO) as a concept demonstrator for the analysis of wear debris [4].  These types of devices are substantially cheaper to purchase (typically less than A$100k) and require only minimal routine maintenance.  The training burden too is substantially less than that associated with an SEM.  The bench-top XRF instruments only provide an elemental spectrum of the sample and do not have a microscopy capability.  The lack of a microscopy function in this type of instrument is not considered critical since a good quality optical or digital microscope is sufficient for most WDA requirements.

Dirt Alert Filter

This product is produced by Pall Aerospace Pty Ltd and is a sacrificial pleated paper element that fits over the filter pleats and is known as the diagnostic layer.  The diagnostic layer has approximately 95% capture efficiency for particles greater 70 microns [5] and can then be removed and visually assessed.  This type of element has been used on the RAAF F-111 TF30 engine fleet for rapid diagnostics.  Whilst extracting the debris is simple and requires no other equipment, retro-fitting this type of filter element to legacy aircraft requires some engineering effort for certification. Analysis of the debris is achieved manually by visual inspection and then further examination can be done by manually extracting individual pieces of debris for microscopic or elemental analysis as required.


A Comment on Spectrometric Oil Analysis

A common misconception is that SOA encompasses a complete oil analysis program.  The significant limitations of this technique appear to have been lost on the general aviation maintenance population.  SOA has a maximum particle detection threshold of approximately 8 micron (at best 10 micron); this is sub-visible.  With the introduction of fine filtration (i.e. 3 micron absolute) in some modern aircraft and as a retrofit on some legacy aircraft, SOA is considered ineffectual, even taking into account the inherent limitations.  Whilst the overall value of an SOA program is questionable [6] in the modern military environment, there is substantial evidence of the enduring benefit that fine filtration brings to oil-wetted systems [7, 8].   In the military environment in particular, sampling hygiene and issues regarding the timely transportation of samples have not been kind to this technique.

Conclusion

Aircraft oil filters have been largely ignored as a form of condition monitoring in the ADF with only a few exceptions.  The filter contains a wealth of information about the health of the machinery, however there are some hurdles to extracting meaningful information from this source when deployed. Ship-deployed aircraft or aircraft operating in remote localities present a significant problem in terms of timely and accurate assessment of oil filter debris.  


The filter patch technique only requires simple and low cost equipment that can be deployed in the field with very little training burden; essentially a detailed written procedure is sufficient to produce a filter patch.  Unfortunately, without well written explicit guidance, the assessment of the debris once the patch is made may not always be possible in the field.  Several augmentations and alternatives to the filter patch method have been discussed.

Certainly with the implementation of fine filtration on aircraft oil-wetted systems, traditional oil analysis methods (such as SOA) have questionable worth.  Filter debris analysis appears to be a rich source of information which has the potential to provide valuable machinery health information to maintenance staff, provided it can be extracted and interpreted.
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