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[bookmark: _Toc61269103]Abstract
Flight HKS 241 demonstrates the need in understanding the mechanisms through which materials fail during their in-service life is crucial to safety. This analysis of a component that had failed causing an air accident shows the mechanisms of fatigue and material properties that led up to such a disaster. The effects of material selection, post manufacturer treatments and catheterisation testing were explored to show that even with due consideration for the former failure may still occur, in the same manner as those being designed for. Ultimately the chemistry and material specification is a complex compromise and understanding that no component can be expected to last indefinitely, proper inspection and service intervals should be considered so as to avoid the series of events that caused this tragic accident. 
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[bookmark: _Toc61269107]1.Introduction
On April the 29th 2016 Flight HKS241 an Airbus H225 Super Puma helicopter was the subject of a fatal air crash transiting the coast of Norway near Turoey. The crash was the result of a sudden mechanical airframe failure, where the main rotor assembly suddenly detached from the aircraft resulting in total loss of the aircraft. The formal accident report by the accident investigation board Norway (AIBN), outlines the failure modes and the series of events.
	The aim of this case study is to dissect and understand the mechanisms of material failure that led to and ultimately caused the accident and loss of HKS241, framing each mechanism against the wider understanding of each phenomenon in other industrial and material research settings. These will include the design of the component, its processing and finishing specification, service conditions, in service monitoring and ultimate modes of failure of the material in the context of all these factors. The goal is to contextualise how a component may fail under the oversight of modern design and control mechanisms, to explore how the material and its considerations are of critical importance to the failure of the component. 
[bookmark: _Toc61269108]2.Accident report analysis 
[bookmark: _Toc61269109]2.1 Reported failure 
It was determined by the AIBN and Airbus (AIBN-Helikopter_Report and As, 2018) that the cause of the accident was a result of the failure of the Main Gearbox Housing (MGH), the failure of the housing being a sudden ultimate failure due to huge overloading caused by the locking of the secondary reduction epicyclic gear ring. One of the ring-gears pictured in Figure 1 ultimately fractured shedding sections of gear into the gear box leading to a locking and near simultaneous torque spike through the transmission. This torque spike is what led to the failure and loss of the rotor assembly, but was not the cause of the initial failure of the gear box fracture. 
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[bookmark: _Toc61086361]Figure 1 - H225 Super Puma epicyclic secondary gearbox (AIBN-Helikopter_Report and As, 2018).
From the recovered debris and flight data, (AIBN-Helikopter_Report and As, 2018) showed that the ring-gear (Figure 2) failing was the initiation of the sudden chain reaction of ultimate failures. The questions then, what events and conditions led to the failure of this component and over what period? 
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[bookmark: _Toc61086362]Figure 2 – Ring-gear through section CAD view (AIBN-Helikopter_Report and As, 2018).

[bookmark: _Toc61269110]2.2 Service conditions
One must first consider whether the components were operating within their specified design range. This is not to say necessarily that these are specifications that allow for no failure but may indicate a root cause. In this case the epicyclic gear reduction is designed to reduce the engine output RPM from 2400 to 265/675, therefore, increasing the torque at the output by 9.057/8.73:1. According to (Aibn_Accident_Investigation, 2016) the aircraft had been operating within the specified take-off and landing weight limits and no over rotation had been reported previously. One can expect the loading environment to have been within those specified by the manufacturer. From this and the fact that the vehicle had been in service for several hours prior to the accident, it can be surmised that this was not a case of operation outside of the specified conditions that caused an ultimate failure.
	The second consideration, if the operation was not outside the manual operation limit, is the in-service environmental conditions. The MGH is sealed and lubricated with a synthetic Aero-gear oil “1032 (O-155)” (AIBN-Helikopter_Report and As, 2018). This lubrication is that used and specified by the aircraft manufacturer during endurance testing, with the oil being replaced every 800 hours to comply with service intervals. Considerations like this must be made to ensure that proper lubrication quality is maintained and corrosion protection upheld. (Wang et al., 2009) note that prolonged use and application of shear stress to a lubrication can cause a reduction in the viscosity and film strength. A reduction in lubrication efficacy can result in accelerated wear and shearing effects. The lubrication system of this aircraft is also fitted with a  particle filter to remove contamination from the lubricant which is subject to the same service interval. The service conditions according to (AIBN-Helikopter_Report and As, 2018) were all within those specified and service intervals met, so it is left now to explore further the mechanisms of failure and suggest whether these parameters were adequate given the failure. 
[bookmark: _Toc61269111]2.3 Mechanism of failure
To begin to understand the failure one must first aim to identify the failure mode(s) involved. Clearly shown in Figures 3 and 4 is that the ring-gear fractured into several pieces at the time of failure. Also, to be noted are the wear marks upon the inner face of the ring-gear, which constitutes the outer-race bearing face. Other factors to note are that, despite the surface corrosion, which (Aibn_Accident_Investigation, 2016) state as being incident after the accident, the remaining surface appears to be finished to a high visual polish. One can start with macroscopic visual inspection as a guide to further inspection.
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[bookmark: _Toc61086363]Figure 3 - Initial photograph of the failed ring-gear section (AIBN-Helikopter_Report and As, 2018).
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[bookmark: _Toc61086364]Figure 4 - Comparison of failed ring-gear to a unused part (Aibn_Accident_Investigation, 2016).
[bookmark: _Toc61269112]2.3.1 Fracture
It stands to reason that, if the service conditions were within the limits, and the operation of the aircraft showed no misuse or anomalous behaviour, then this failure must have occurred over a given period. Figure 5 shows the cleaned surface of the part post failure, the through fracture is clear across the entire part which must have been the ultimate failure mechanism. However, what can also be seen within the fracture are sub structures and markings within the overall ultimate fracture. 
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[bookmark: _Toc61086365]Figure 5 - Cleaned fracture service macro-photography (Aibn_Accident_Investigation, 2016).
Inspecting the fracture surface, one can consider the surface texture as a whole. (Callister D and Rethwisch G, 2001) speak of the nature of surface texture in determining the type of fracture condition, these being broken down into Brittle and Ductile fracture modes, ductility being the ability of a material to be drawn out without fracture. The brittle nature of a material is a relative term and not a discrete measurement. (Schemmann et al., 2015) explores the nature of the properties of a material based upon its microstructure, in this sense it is important to establish that a material may reside in a state of ductility somewhere along a sliding scale as a function of its microstructure. The failure may demonstrate characteristic markers of both ductile and brittle fracture. Upon in initial inspection it can be said that there could be characteristics of both ductile and brittle fracture Point of interest “A” shows the characteristic chevron marks that are described by (Callister D and Rethwisch G, 2001) as those of brittle fracture, these exist propagating away from point of interest “B” in Figure 5 displaying such structure of a semi-circular marking, surrounded by discolouration. “B”, however, shows the marks of plastic deformation being dull in colour with larger marks of deformation within the region. Seeing the indicators of two characteristic fracture modes could be a sign of the time over which the fracture has occurred in each region, as brittle fracture can be seen in areas that are subject to high strain rates or areas of high rates of applied stress.  
Assuming that within this small region of the part two distinct fracture mode are at play, leads one to consider the time over which these two modes occurred. Following the brittle fracture striation back to their “source” at site “B”, leads one to believe that this would have been the point from which the brittle or rapid fracture may have originated. Focusing more closely upon point “B” there are faint conchoidal marks that propagate with increasing radii away from the extremity of the part, or the outer race section. Figure 6 shows these markings arrowed blue with further radiating markings away from the largest radius mark. The presence of these marks all radiating away from a single location give an indication that fatigue may be a factor.
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[bookmark: _Toc61086366]Figure 6 - Conchoidal markings at site marked blue and further radiating fracture markings (AIBN-Helikopter_Report and As, 2018).
[bookmark: _Toc61269113]2.3.2 Fatigue fracture
The presence of conchoidal markings suggest perhaps, not the presence of net plastic deformation like those to be seen in fibrous ductile behaviour, but those of progressive fatigue cracking. (Callister D and Rethwisch G, 2001) asserts that fatigue fracture is the result of dynamic fluctuating stresses, and that failure proceeds to accumulate over time with each repeated cycle. This component is most certainly subject to cyclic loading as each tooth is engaged and disengaged under load from the torque supplied by the turbine engine. 
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[bookmark: _Toc61086367]Figure 7 - Magnified fatigue fracture region (Aibn_Accident_Investigation, 2016).
For fatigue fracture to take place the initial step must be the incidence of a defect from which the fracture can propagate, like the grit that nucleates the formation of a pearl. The inception of this defect allows a crack to form due to the concentration of stress at the apogee of the defect’s geometry. Looking to Figure 7 one can follow the radius of the marking back to an estimated inception point. In this case the inception must be on the inner face of the ring-gear owing to the orientation of the markings and growth of the conchoidal markings.
	One must consider why the markings appear to grow within the material in such a manner from the surface inward. This comes from the material reaction to the crack geometry, at the surface of the material there is little to contain the material plastic deformation orthogonal to direction of the micro-fracture. This means that with each cycle of stress the crack propagates further into the depth of the material, a state of plane stress. However, as the crack grows into the depth of the material, the surrounding material constraining the plastic zone at the crack tip causes the case of plane strain, where now the plastic region is focussed, and allows the crack to grow radial away in all directions. This state of plane stress as depth of crack increases is the cause of the growing conchoidal markings. The growth of such a crack defect is driven by the cyclic loading, geometry and the energy focussed on the crack tip, against the ability of the material to absorb such energy in strain. 
[bookmark: _Toc61269114]2.3.3 Fracture toughness
As suggested above the toughness of a material is its ability to absorb energy without fracture, so the toughness of a material has a significant impact of the pace of crack propagation through the component. In the component the critical stress is  (Callister D and Rethwisch G, 2001), where  is the elastic modulus  is the free surface energy and  is the crack length. From this they also state that the fracture toughness is  , where  is a further fracture constant relating to crack condition and certain geometry. Seen in these equations is that the toughness of a material is dependent upon not just its properties but the geometry of the component and the geometry of the crack itself in relation to the thickness of the material. 
	In this case it explains the shape and propagation nature of the fracture present in the ring-gear, that the inception of a crack upon the inner race and cyclic load caused the material to fail progressively until, due to the material constraints and the effect of plane strain allowing the crack to grow orthogonally to the crack path, such a point arose that the ultimate sudden fracture of the ring-gear occurred. For this to have taken place there must have been a specific site of crack initiation. This propagation follows the Paris-Erdogan fatigue law because of the changing fracture toughness and state of constrained deformation shown in Figure 8.
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[bookmark: _Toc61086368]Figure 8 - Paris-Erdogan fatigue law general log curve (Holden, 2020).
[bookmark: _Toc61269115]2.3.4 Crack initiation 
During the inspection of the failed ring-gear there were several sites along the remaining inner race that showed surface ejection of material shown in Figure 9. These defects lie periodically along the same upper section roller centre line as the point of initiation of the fatigue fracture point of origin. 
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[bookmark: _Toc61086369]Figure 9 - Surface material loss along outer race bearing surface of the ring-gear (Aibn_Accident_Investigation, 2016).
These locations, termed as spall sites by (AIBN-Helikopter_Report and As, 2018), were judged to have been created within the service period of the ring-gear. Figure 10 shows a highly magnified image of one spall site, from this it can be noted that the site displays the characteristics of brittle fracture previously described in more macroscopic detail. The image shows a degree of material separation from the surface to a depth below the surface, the back edge of which in the direction of roller travel is the inception of a crack. The likelihood is that such a defect was the same as the one that initiated the crack that resulted in the fatigue fracture and ultimate failure of the ring gear.
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[bookmark: _Toc61086370]Figure 10 - Grey-scale inclined image of spall site tilted in roller direction (Aibn_Accident_Investigation, 2016).
	The defects on the bearing face of the ring gear may be explained by that of bearing interface spalling. (Shen and Zhou, 2019) says that rolling contact spalling is the most prominent failure mode in rolling contact, where (Lin et al., 2005) describe this as being the result of Hertzian contact stresses at the point contact interface of the roller and the bearing surface. Figure 11 displays an experimental test to produce roller contact spalling, this defect matches remarkably well those found upon the ring-gear. 
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[bookmark: _Toc61086371]Figure 11 - Example roller contact spalling in laboratory test (Lin et al., 2005).
(Shen and Zhou, 2019) explains the mechanism is one of geometry between two curved surfaces. The stresses that arise from contact at such small areas cause excessively high pressures at the point of contact. Such large stress causes micro plastic deformation at the contact point, causing adhesion between the two contacting bodies as noted by (Rycerz, Olver and Kadiric, 2017). This results in repeated cyclic stress of the surface. The resulting fatigue is limited to a certain depth of material, that has exacerbating factors such as load, surface roughness, hardness of both bodies and lubrication. (Rycerz, Olver and Kadiric, 2017) also notes that these spalling events always result in the initiation of cracks at the trailing edge, as the material is levered out of position, so the maximal tensile stress occurs at this trailing edge.
[bookmark: _Toc61269116]2.3.5 Failure comments
The series of mechanical material failures have been set out such that rolling contact spalling led to the inception of a crack at the defect site which propagated due to cyclic load, which caused the progression of fatigue fracture over a period. Finally, the critical stress and crack geometry was such that the ring gear failed in a brittle manner. The question then is were the material properties contributing factor to the cause and the acceleration of in-service failure?



[bookmark: _Toc61269117]2.4 Material and design 
Attention must be paid to the material and design specification of the failed to component to then assess if this has any bearing upon the resulting failure.
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[bookmark: _Toc61086372]Figure 12 - Ring-gear and bearing assembly (Aibn_Accident_Investigation, 2016).
The ring-gear and therefore, outer race are made of a 16NCD13 steel, the specific composition for which is given in Table 1. 
[bookmark: _Toc61086512]Table 1 - 16NCD13 Composition by mass (Fushun-steel, 2021).
	Element
	Mass by %

	Carbon
	0.12-0.17

	Silicon
	0.15-0.35

	Manganese
	0.3-0.6

	Phosphorous
	<0.025

	Sulphur
	<0.015

	Chromium
	0.9-1.15

	Molybdenum
	0.15-0.3

	Nickle
	3-3.5

	Other
	Cu<0.3, Al <0.05



One must delve into the characteristics and properties of this material to asses why this choice was made and if it contributed the failure. (Fushun-steel, 2021) state that the typical use case for this material is of a case hardening steel. As (Callister D and Rethwisch G, 2001) state, fundamentally most metallics form crystalline structures, of repeating unit cell configuration. These unit cells present in distinct forms Body Centre Cubic (BCC), Face Centre Cubic (FCC) or Hexagonal Close Packed (HCP). The crystalline structure of a material, however, never forms a perfect lattice of the defined structural layout; they may have vacancies inter-statically or self-interstitials, the implication being that, as no material is ever 100% pure it is these areas into which impurities may aggregate. In the case of selection of steel Alloy 16NCD13, one must consider that the addition of these desired impurities is there in specific proportion to gain attributes sought after in the design specification. In this case the solute elements are those of the alloying elements and the steel is the substrate material upon which the base properties are modified. These solute elements may form interstitial or substitutional impurities within the existing morphology of the steel. If the substitution elemental atomic radii are significantly larger, they may even force a phase change or secondary phase within the substrate.
[bookmark: _Toc61269118]2.4.1 Carburisation 
In addition to Carbon present in the raw part, the ring-gear is further processed by the process of carburisation and oil quenching meant to achieve a hardness of 700HV10 with the aim of 660HV10 after final machining (AIBN-Helikopter_Report and As, 2018). (Lingamanaik and Chen, 2012) speaks of the uses of carburisation in steel to improve the surface wearing characteristic of the material of case-hardened steels, a process which causes martensite transformation as phase transition within the unit cell. The martensite transition causes expansion of the crystalline structure, which causes a compressive residual stress within the surface layer of the material. The exact nature of the process is down to the diffusivity of the carbon into the surface from the controlled atmospheres. As (Technical and Series, 2002) explains the process is carefully formulated to balance the retention of austinite and martensite ratios, with a view to retaining wear resistance and maximising fatigue resistance with the use of residual stress. 
	Clearly the process selected was one with a view to modifying material chemistry in such a way as to reduce the apparent effects of fatigue and surface wear, while still retaining the hardness and wear resistance desired. The pieces tested for  post-treatment and toughness (AIBN-Helikopter_Report and As, 2018) states are not ring-gears. This could mean they are specimen blanks made in the same batches, perhaps this means that the specific geometry of the ring-gear results in a different depth of effective carburisation from that in the test piece. This may lead to over expectation of the fatigue resistive capabilities of the part. 
[bookmark: _Toc61269119]2.4.2 Surface finish 
The part is also subjected to a shot peening process upon the gear tooth surfaces and a super-finishing process upon the outer race according to (AIBN-Helikopter_Report and As, 2018). The purpose of shot peening the teeth of the ring gear is to increase the residual stress of the material and improving fracture resistance. (Townsend and Zaretsky, 2012) show in their study of shot peeing of gears consisting of carburised steel, that it yielded a 1.6 times increased fatigue cycle life and 1.5 times the residual stresses. This would be very desirable within the teeth to help mitigate bending fatigue. However, shot peening leaves inappropriate surface roughness for bearing surfaces, for this reason a super-finished/ burnished process is used. This process involves tumbling in soaps to compress the surface into a very highly polished result. (Lin et al., 2005) does suggest that superfinishing also significantly reduces contact roller fatigue by both reduction in surface asperities and increased residual compressive stress. 
[bookmark: _Toc61269120]2.4.3 Failure comments
It can be said that it seems that significant consideration was made for the material chosen to be combined with the post processing and treatment, with the aim of producing a component with as optimal properties as could be hoped to survive the conditions and loads that were expected.


[bookmark: _Toc61269121]3. Remarks and conclusions
(Callister D and Rethwisch G, 2001) says that 90% of all failures occur from fatigue rather than gross overloading and that most failures stem from improper material choice. In this case, the mechanism of failure was clearly that spalling led to cracking, which led to fatigue propagation and ultimate failure. The question asked was, were there underlying material mechanisms of failure or as it put improper selection of material, the answer to this is perhaps that the systems and design considerations are not that simple. Even though consideration was made to mitigate the actual mechanism of failure, the ring gear still failed in that very manner. What can be said is that the properties of the materials all reacted uniquely to culminate in the resulting failure.
- The ring-gear being made of a single piece had to fulfil many roles, so the material choice was a compromise as were the treatments and finish.
- Had the ring gear been made of material with a greater degree of toughness, the component may have seen a slower propagation of the crack throughout. 
- Had the bearing surface been made of a separate piece with greater resistance to contact stress and deformation this would have reduce the likelihood of spalling.
 - (AIBN-Helikopter_Report and As, 2018) concluded in their report that the geometry of the roller was the contributing factor, which was a noted consideration in the spalling contact stress. It did not address the wider views of the component design and material selection.
 - The testing carried out on test piece i.e., the Charpy toughness test and surface hardness test, may not be reflective of the true component in service, compromising longevity and lifetime calculations.
- (AIBN-Helikopter_Report and As, 2018) in their recommendations adjusted the intervals of inspection for the MGH and ring-gear, which considering the complex nature treats the Paris-Erdogan law with a further degree of safety factor, erring on the side of safety in the face of the material failure mechanism at play. 
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