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Abstract: Good product design implies reliability and longevity of that product or 
component when in service. The environment in which the product functions can vary but 
should be taken into account during design. A case study is presented which shows how 
failure of NBR seals in a semi-conductor process plant was caused by small traces of 
ozone within a pneumatic control system, and resulted in substantial losses of product 
through equipment downtime. The seals could have been protected against ozone attack, 
but the risk was ignored during design of the system. Many common elastomers are 
susceptible to ozone cracking, and protection against attack is readily available. 
Sustainable design requires that critical components should resist all conceivable 
environmental risks, such as ozone traces in the atmosphere. There were several ways in 
which the production line could have been protected at very low extra cost 

Keywords: Ozone, crack, Nitrile, pneumatic 

1. Introduction 

Sustainable engineering should be promoted during the design phase of product 
development so as to prevent early product failure, and saving the often substantial losses 
both direct and consequential of failure of critical components. Good design should aim to 
identify the weakest or most vulnerable parts of a system, and engineer them to withstand 
all foreseeable stresses as well as environmental reagents within the projected lifetime of 
the product. A starting point in the design process is a working knowledge of the potential 
failure modes of a given product or process, a basic aim of forensic engineering [1, 2].  

Elastomeric seals are frequently critical parts of larger systems, especially engines, 
locomotives and other products where fluids are incorporated in closed systems such as 
hydraulics. Transmission and braking systems for example, require flexible rubber seals to 
prevent loss of fluid but yet allow physical movement of components past one another.  
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They are usually safety-critical because seal failure can result in loss of fluid, and 
hence loss of function. Likewise, failure of seals in fuel delivery systems can cause serious 
fires or other accidents (3). 

Semi-conductor chips are manufactured in highly engineered facilities, and use 
precision equipment to etch the surface of large diameter silicon wafers. The scale of 
detail has decreased dramatically over the last decade, enabling more and more circuitry to 
be designed into a given area of silicon, to meet the increasing demand for more and more 
powerful computer processors. To achieve the increase in edge resolution needed, 
improved polymer photoresists and lower wavelength radiation (e.g., deep UV radiation) 
are commonly used to etching the wafers. Such production facilities demand very high 
capital investment, and many such factories are located in Japan and other Far Eastern 
countries.  

The lithography machines use air circuits to keep the working surfaces absolutely flat 
and still, and are critical in chip manufacture. The pneumatic circuit lies at the heart of the 
function of such machines, and employs well known technology to control pressurised air 
(10-12 bar) in the air bearings needed to balance the working tables. The pressurised air is 
contained by a wide variety of elastomeric seals, O-rings and diaphragms. Nitrile rubber 
(NBR) is a material frequently used in such seals in pneumatic circuits, made using 
conventional (and rather old) technology of the rubber industry. However, nitrile rubber is 
sensitive to oxidative attack, and ozone cracking can occur at trace levels of ozone gas 
present in the air feed. This case study describes how a serious problem of seal failure 
arose over several months at a semi-conductor factory in Japan, and was eventually solved 
by detailed analysis of the failed seals and O-rings using optical microscopy and 
ESEM/EDX (Environmental Scanning Electron Microscopy/ Energy Dispersive X-ray 
Analysis). 

2. Seal Failure 

The problem was first encountered in September 2002, when the table on a lithography 
machine failed due to loss of air pressure in the air bearing supporting the table. Stripping 
the air bearing revealed a cracked diaphragm seal. The diaphragm was located 
immediately under the table and comprised a circular nitrile rubber membrane fitted with a 
steel pin for balancing, and large sides for fitment to the sides of the pocket below the 
table (Figure 1). The cylindrical seal has a large pocket one side of the device, and 
presents a flat featureless surface on the reverse side of the seal (Figure 2). The membrane 
which separates the two chambers of the air bearing is about 0.5 mm thick. The membrane 
itself is under a small differential pressure of about 0.2 bar, and the inner chamber contains 
a static volume of air. The outer chamber is exposed to a direct flow of pressurised air 
from the compressor. 
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Figure 1: Cross-section of diaphragm seal in an air beating supporting the lithography table. 

 

Figure 2: Nitrile rubber diaphragm seen from both sides. 

The failed diaphragm exhibited a single circumferential crack near the centre of the 
membrane, but was surrounded by numerous others with the appearance of the crazy 
paving pattern characteristic of oxygen degradation (Figure 3). Optical microscopy of this 
seal initially pointed therefore towards a badly made seal, oxygen cracking probably 
occurring at the final stages of manufacture. Excessive temperatures in the shaping tool 
during the final vulcanization step can cause such oxygen cracking when the product is 
exposed to the atmosphere at the end of the moulding cycle. It was inferred that the larger 
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penetrating crack was simply an oxygen crack which had grown through the membrane 
(Figure 4). The manufacturer of the rubber seal was asked to improve his moulding 
procedure, and quality control methods to eliminate the chances of degraded seals being 
put into service.  

 

Figure 3: Diaphragm showing crazy paving oxidative attack on surface of rubber, near edge.  

 

Figure 4: Through thickness critical crack in diaphragm membrane. 
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3. Failed O-ring 

About 6 months later however, another failed diaphragm seal and a large 20 cm diameter 4 
mm thick O-ring were returned for examination from the same semi-conductor fabricator. 
The failed parts had been removed from the same air line as before. The large O-ring acted 
as a seal on an air chamber. There was no trace of oxidative cracking on either part, but 
both had failed by cracking through the thickness of the part. In the case of the O-ring, 
single monotonic radial cracks were present at several points of the device, and one had 
reached criticality, allowing the ring to separate into a single length of rubber (Figure 5). 
The diaphragm membrane had cracked in just the same way as before, by a single 
monotonic crack through the wall of the membrane, but without any sign of oxidative 
attack. The crack had not grown completely though the circumference, but had grown 
sufficiently to allow the pin to be moved easily (Figure 6). The two sets of cracks from 
independent parts within the same machine suggested a quite different scenario: ozone 
cracking.  

 

Figure 5: Broken O-ring formed by radial ozone crack 

 

Figure 6: Second failed diaphragm with critical crack through membrane. 
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4. Ozone Cracking 

The characteristics of ozone attack are as follows (4, 5)  

1. attack only occurs above a critical threshold strain, of about 0.2% 

2. attack occurs at ppb of ozone gas residues, the rate increasing with ozone 
concentration, and  

3. rubbers with double bonds in the main chain are the most susceptible to 
attack 

Nitrile rubbers are especially susceptible owing to the butadiene content, which varies 
from about 20% to 80%, depending on the grade of nitrile concerned (6). The rubber 
components in this case were composed of nitrile/butadiene of 40% by weight of nitrile 
repeat units together with 60% butadiene units. The butadiene and nitrile repeat units are 
randomly distributed through the polymer chains, and ozone attack leads to chain scission 
of a butadiene repeat unit: 

 -CH2-CH=CH-CH2- + O3  → ozonides → -CH2-CHO + O2HC-CH2- 

So scission results in the formation of aldehyde and carboxylic chain ends, and as the 
process continues, the overall molecular weight decreases with a parallel loss of tensile 
strength. Attack is highly localised, causing cracks to form and grow both laterally across 
an exposed surface and deeper into the bulk of the solid component.  

Ozone cracking is commonly seen in unprotected products such as rubber bands, 
which are usually composed of crosslinked natural rubber. Depending on the concentration 
of ozone to which they are exposed, they normally cleave across in a few days or weeks. It 
is surprising how very low concentrations of gas can produce cracks in susceptible 
elastomers. For example, 250 parts per billion (ppb) of ozone will attack rubber surfaces 
very rapidly and is a concentration which has been used for studying the problem. But 
even at lower concentrations attack will occur due to the very fast reaction between the gas 
and the double bonds of the elastomer. In fact, the reaction can be detected by exposing 
strips of natural rubber to air suspected of carrying traces of the gas. Examination of the 
strips or bands will reveal the characteristic ozone cracks formed by the reaction. 

5. ESEM/EDX 

In order to gain a better idea of the crack morphology, ESEM was used to examine the 
diaphragm samples. It was quickly discovered that the main crack in the membrane had 
started at the sharp internal corner where the membrane met the sidewall (Figure 7). In the 
worst case of attack, another crack was found at the corresponding inner corner of the seal, 
which however, had not penetrated the membrane (upper right in Figure 7). The surface of 
the main crack was examined at high magnification (Figure 8) and an EDX spectrum 
obtained (Figure 9). It showed the presence of the expected elements, carbon and sulphur 
in addition to traces of other minor elements, presumably vulcanization chemicals. 
However, oxygen was found in large quantities, and in greater amounts than existed in a 
new diaphragm taken direct from a stock box at the suppliers (Figure 10). This is exactly 
what would be expected if ozone attack was the cause of the problem, because ozone 
molecules attach themselves to the double bonds, initially to form ozonides of cyclical 
structure. The ozonides then split the double bond, leaving carbonyl groups (aldehydes 
and carboxylic acids) at the free ends of the chain created by attack. The aldehydes can 
oxidise further to form carboxylic acid terminal groups, of yet higher oxygen content. 
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Figure 7: ESEM micrograph of inner corner where crack started. 

 

Figure 8: Close-up of critical crack surface in diaphragm membrane. 

 

Figure 9: EDX spectrum of crack surface seen in previous picture. 
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The presence of low levels of ozone in the air line was confirmed by chemical 
analysis, which also showed the presence of small amounts of NOx, a common 
accompaniment of ozone when it is formed by electrical discharge. The levels of both O3 
and NOx (or NO + NO2) were shown to be increasing with time, and the rate of ozone 
attack on the critical nitrile seals increased in parallel with the gases. 

The cracks had clearly been initiated at the sharp inner corners of the diaphragm 
seals, where the low pressurisation stress (ca 0.1 bar) is magnified by the stress 
concentration. The cracks were only formed here, showing that the local strain at the 
corners exceeded the threshold needed for crack formation. As the crack in the main 
membrane grew with chain scission, fresh rubber and unreacted double bonds would have 
been attacked, causing degradation to be concentrated at the crack tip. The form of the 
main crack suggested regular and progressive growth until the tip met the outer surface, 
when pressurisation failed and the machine could no longer make silicon circuits. The 
lateral extent of the open crack may also have been increased by the operator when 
removing the damaged part, or by others when examining the failed diaphragms. 

6. Possible Sources of Ozone 

So having confirmed ozone attack on the diaphragm seals, where was the ozone being 
produced? Generally ozone is formed during electrical discharge in air, either in the form 
of silent discharge or by sparking. However, it can also be formed by the interaction of  
UV radiation with air, especially in the presence of hydrocarbon and other organic 
residues. This mechanism is a common problem in some cities with a high vehicle 
population and intense sunshine, such as Los Angeles and Mexico City. The results of 
controlled experiments in the laboratory show several ozone producing mechanisms (7). 
The geographical position of the semi-conductor fabricator was however semi-rural, and 
there were no known ozone episodes which could explain the presence of the gas at the air 
intake. So it was most likely that the gas was formed locally and perhaps within the air 
supply. Local external sources such as the UV radiation used to etch the silicon wafers was 
also eliminated as a possible source.  

The air intake for the system was protected by filters, and there were several filters in 
the line after the compressor (Figure 11), but none were capable of extracting ozone. They 

Figure 10: EDX spectrum of uncracked new Nitrile surface. 
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were mainly designed to catch large solid particles or traces of oil from the compressor. A 
survey of the production line was performed and the gas samples at numerous points in the 
line for traces of ozone and NO2 (Figure 12).  

 

Figure 11: Filters on compressor motor. 

 

Figure 12: Sampling points for gas analysis. 

The results confirmed that relatively high concentrations of ozone and NO2 were occurring 
in an irregular way within the pipework (Figure 13). In addition, vanishingly small 
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concentrations of ozone or NO2 were found on an adjacent line but independent line with a 
separate air supply. If the gases had been formed by electric discharge, the concentrations 
of both would be expected to build up in a similar way, the ozone from the oxygen 
component of the air, and the nitrogen dioxide from reaction between the nitrogen and 
oxygen components.  

 

Figure 13: Ozone analyses at sampling points. 

The compressor was of a relatively new design, and used two counter-rotating meshing 
screws of diminishing diameter to increase the air pressure (Figure 14). Such compressors 
eliminate the need for oil, and have been adopted by a range of industries. It has been 
suggested by one large pneumatic manufacturer that such compressors can create ozone 
(8), and it remains the most likely source of the trace amounts of ozone found by sampling 
the air at various points in the air system. One possible mechanism of formation may 
involve electrical discharge at the nip of the compressor screws, static charges having built 
up on the screws by air friction on the plastic covering.  

 

Figure 14: New design of oil-free compressor with plastic coated screws and a nip of diminishing 
diameter towards the output air stream. 

7. Solving the Problem 

There are several strategies which can be adopted in such circumstances. In the first case, 
the sharp corners on the inner side of the diaphragm seal could be radiused to ameliorate 
the stress concentration. This is a very easy task to perform, simply involving smoothing 
the sharp edges of the metal tool used in making the seals (Figure 1 shows such radiused 
corners). A second way of tackling the problem is to use an alternative ozone-resistant 
material such as Viton fluoroelastomer, EPDM or Neoprene (chloroprene) rubbers. Like 
the first possibility, this is a solution to be used by the supplier rather than the immediate 
user. A third solution is to insert activated carbon filters on the main air line after the 
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compressor (and before it, to guard against possible atmospheric pollution). This solution 
was adopted in fact, and has shown to be very effective in absorbing trace levels of ozone 
in the system. 

Ozone cracking is now relatively rarely encountered in common applications of 
rubbers, such as tyres and many other auto products, owing to the widespread use of anti–
ozonants, or ozone-resistant elastomers. However, it may still be found in those 
elastomeric products which are buried deep within air lines or similar systems, and are 
often unprotected. The danger in this case lay in the new generation of oil-free 
compressors, which seem to be capable of generating trace amounts of ozone which can 
penetrate all parts of a line unless filters are used to absorb the gas. The older generation 
of seals had been designed to provide oil-resistance, and so the choice of NBR has become 
redundant. Seals are critical parts of such systems, and if critically damaged, can cause 
damage very much greater than the cost of prevention or cure. The costs of downtime of 
the machines affected were estimated at about $2 million per week. 

Following our work, several more diaphragms were sent to us for examination. They 
had been taken from a completely separate semi-conductor line. ESEM showed them to be 
cracked, although not critically. The ozone cracks had penetrated about 20% through the 
membrane of the seal, so remedial action was possible during routine maintenance. 

8. Conclusions 

Sustainable engineering has many objectives, among which reducing failures must be 
central. Forensic engineering provides the essential approach to analysing failures and so 
preventing further failures of the same kind, so saving money, time and resources.   
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