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FAILURE ANALYSIS OF A BRAZED, STAINLESS STEEL FUEL INJECTION 

LINE  
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McSwain Engineering, Pensacola FL 

 

 

Abstract 

 

An aircraft fuel line was found to have fractured and caused an in-flight fire. A brief history of 

the general problem of cracking in brazed stainless steel fuel injection lines places this failure in 

context. The fracture mechanism was likely to be fatigue due to vibrations. Other factors 

contributed to the failure, such as an inappropriate braze repair and incorrect bend radius and 

location dimensions. The effectiveness of current airworthiness directives and manufacturer 

service bulletins are discussed. Alternative designs are suggested to prevent recurrence. 

 

 

Introduction and Background 

 

A fuel line fractured and caused an in-flight fire in a Piper PA-32R aircraft, which was 

subsequently landed safely. The fuel line, feeding the number 5 cylinder, was found to have 

fractured near the brazed ferrule fitting at the injector end, as shown in Figure 1. The airplane 

was equipped with a Lycoming TIO-540-S1AD engine, which at the time of the incident had 

accumulated ~4400 total hours, ~1400 hours since major overhaul, ~60 hours since the last 

annual inspection and 50 hours since the most recent maintenance activity on the fuel system. 

The most recent maintenance record for the aircraft indicated that the fuel system had been 

removed and replaced, including all 6 injector nozzles, which requires that the fuel lines also be 

removed and reinstalled.  

 

The Lycoming TIO-540-S1AD is a direct drive, fuel injected and turbocharged engine with six 

horizontally opposed cylinders, and 540 cubic inch displacement.  The engine is air-cooled, 

turbocharged, and fuel-injected.  Lycoming acquired the Federal Aviation Administration (FAA) 

certification for use of fuel injection in the 540 series engine in 1960 [1]. The TIO-540-S1AD 

engine uses an RSA-type continuous flow fuel injection system, common to piston engine 

aircraft. Fuel is distributed by a manifold, which divides the fuel equally and provides a steady 

flow to each cylinder fuel injector nozzle by way of fuel injector lines (see Figure 2). 

 

A Lycoming service bulletin "342D" was referenced in the maintenance log of the subject 

aircraft. This service bulletin can be traced back to an National Transportation Safety Board 

(NTSB) Safety Recommendation A-92-10 [2], which stemmed from an accident where two 

pilots were fatally injured in an aircraft with the same type TIO-540-S1AD engine as in the 

present case. In A-92-10, the NTSB states that the fuel injector line to cylinder number 1 was 

found to be broken. The report states that the fuel line fractured due to fatigue cracking, 

originating from intergranular corrosion, resulting from sensitization of the stainless steel at the 

brazed joint and vibrations due to an absence of adequate clamping along the length of the fuel 

line. Well prior to this, in 1972, Lycoming had issued a service bulletin No. 342 "Fuel Line 

Inspection and Support Clamp Installation", which states that clamps dampen vibrations caused 
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by the flow of air, the vibrations of the engine and/or aircraft, and also states that unclamped 

fuel lines can become damaged and leak. 

 

Even though the fuel line cracking problem has been documented since at least 1972 and 

addressed in airworthiness directives and service bulletins, there is evidence that the problem 

still exists. Research on the FAA Service Difficulty Report database for other previous related 

incidents since 2000 has shown that there have been at least 5 cases where an engine fire 

resulted from fuel line cracking/fracture (e.g., [3]), 6 incidents of fuel line cracks or fracture that 

were related to a significant loss of power in flight but without fire, and 48 incidents where 

cracks or fracture were reported but had not led to an in-flight problem (e.g., [4, 5]). In all cases 

where the fracture of a fuel line led to a metallurgical investigation by the NTSB or the 

Australian Transport Safety Bureau (ATSB), failures were either attributed entirely to fatigue, 

fatigue initiated by corrosion pitting, or fatigue initiated by sensitization and intergranular stress 

corrosion [2, 5, 6]. 

 

Beyond light aircraft applications, cracking failures of relatively small diameter tubes for fuel, 

oil and hydraulic fluid are known occur by fatigue [7, 8] and stress corrosion (intergranular or 

transgranular). These failure mechanisms are encouraged by the presence of tensile residual 

stress, due to assembly and bending. 

 

The purpose of this paper is to present a thorough failure analysis investigation of the subject 

fuel line, to place this failure in the context of other similar failures, and to make 

recommendations such that the failure does not reoccur. 

 

Materials and Methods 

 

The fractured fuel injection line is made from AISI 300-series stainless steel with 3.18 mm 

diameter and a wall thickness of approximately 0.4 mm. The fracture was found to be located 

approximately 13 mm from the injector nozzle end, near the scarfed end of the ferrule at the 

braze joint (see Figure 1). The clamp was located at approximately 335mm from the ferrule. 

 

Fractography was performed on a Leica M205 C encoded stereo optical microscope and a 

Hitachi S3700 scanning electron microscope (SEM). The low magnification optical micrograph 

in Figure 3 revealed initiation sites separated by ratchet marks at approximately 11-12 o'clock 

and beach marks, which indicate that the crack propagated toward the 5 - 6 o'clock position. A 

perspective view of the fracture surface is provided by the scanning electron micrograph in 

Figure 4, which illustrates that the fuel line fractured at the scarfed end of the ferrule at the 

braze joint. The location of the fracture is also shown schematically on Figure 2. The scanning 

electron micrograph in Figure 5 clearly shows two ratchet marks separating three initiation sites.  

 

Higher magnification scanning electron microscopy was undertaken over the entire fracture 

surface, with representative locations indicated in Figure 3. The majority of the surface was 

dominated by a feathery appearance (Figure 6). Sub-micron fatigue striation spacings (Figure 7) 

were observed in some locations and other locations exhibited occasional austenite grain 

boundary facets (Figure 8). The fracture surface was relatively flat over two-thirds of the 

perimeter, namely the region spanning clockwise from approximately 8 o'clock to 4 o'clock on 

Figure 3. Beyond that, the fracture surface stepped upward at ~30 to reach another flat region 

spanning from 5 o'clock to 7 o'clock, but the fracture surface appearance remained mainly 

feathery with faint striations with no signs of overload observed, e.g. microvoid coalescence.  
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A metallographic cross section was prepared from the fractured end of the fuel line by 

longitudinally grinding approximately halfway through the diameter of the samples as shown in 

Figure 9. The ferrule side of the fracture was retained for fractography. The same sectioning 

procedure was followed on the (intact) manifold end of the same fuel line. Analytical electron 

microscopy was performed using the Hitachi S3700 SEM in variable pressure mode, equipped 

with a Thermo Scientific NSS 7 energy dispersive X-ray spectroscopy system (EDS). Atomic 

number contrast revealed the braze microstructure effectively, as shown in Figure 10 - Figure 

12. The metallography revealed that the braze filler metal was different at the fracture initiation 

site (refer to location A in Figure 9) from the braze on the opposite side of the fracture (location 

B), which was different again from the braze filler metal on the intact, manifold end of the fuel 

line.  

 

The metallographic samples were electrolytically etched with an aqueous 10% oxalic acid 

solution at 3V for 10-20 seconds. A Leica DMI5000 M inverted metallograph equipped with a 

Leica DFC450 digital camera was used to reveal the stainless steel microstructure (Figure 13), 

which is equiaxed austenite grains of approximately 100 𝜇m diameter, with nonmetallic 

stringers. Near the braze (see Figure 13a), some austenite grain boundaries are decorated with 

carbides, while 10 mm away from the braze (Figure 13b) the austenite grain boundaries are 

clean.  

 

The composition of the fuel line material was determined using ICP-MS (see Table 1) and 

conforms to AISI 304L stainless steel, except for carbon (0.03 wt.% C maximum). 

 

Table 1 - Bulk composition (wt.%) of the fuel line 

 Cr Ni Mn Si C Fe 

Subject Fuel Line 18.9 8.68 1.68 0.43 0.04 rem 

AISI 304L 18-20 8-12 max 2 max 1 max 0.03  rem 

 

 

The bulk compositions of the braze filler metals and the various phases were determined using 

EDS and are summarized in Table 2 and Table 3. The composition of the braze on the intact, 

manifold side of the fuel line is consistent with the specified braze filler alloy, AMS4768 [9] 

also designated as ANSI/AWS BAg-2. The composition of the braze near the initiation site is 

consistent with a copper-silver-phosphorus braze, BCuP-5. The braze composition on the 

opposite side of the fractured end, 180 from the initiation site, is similar to AMS4768 but also 

contains phosphorus. Both sides of the fuel line on the fractured nozzle end exhibited a 1 - 2 𝜇m 

thick, iron-phosphorus intermetallic layer at the braze filler/base metal interface. On the 

initiation side, the intermetallic phase contained crack-like defects (Figure 10). 
 

Table 2 - Summary of the bulk composition (wt.%) of the braze alloys 

 Cu Zn Ag Cd P Cr Fe Ni 
Subject Fracture, Location A 77.1  14.4 1.1 3.2 1.0 2.8 0.5 

Subject Fracture, Location B 31.6 15.1 34.5 15.0 0.2 0.8 2.3 0.4 

Subject, Manifold End 25.8 19.0 31.7 16.9  1.4 4.5 0.6 

BAg-2, AMS4768, AWS A5.8* 25-27 19-23 34-36 17-19     

BCuP-5, AWS A5.8 79.3-80.7  14.5-15.5  4.8-5.2    

* original manufacturer specification 
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Table 3 - Table showing the composition (wt.%) of the phases present in the microstructures 

Sample Phase Cu Zn Ag Cd P Cr Fe Ni 

Subject Fracture, 

Location A 

Intermetallic 6.7  1.1  14.2 8.0 54.6 3.7 

White 13.6 1.3 61.2 11.1  1.3 4.0 0.4 

Medium Grey 71.9 6.7 5.1   1.3 3.6 0.6 

Dark Grey 68.7  6.3  8.2 1.1 3.5 0.6 

Subject Fracture, 

Location B 

Intermetallic 6.6 2.9 3.0  12.4 9.7 45.7 4.9 

White Eutectic  5.5 5.6 50.3 24.0  1.2 3.6 0.4 

Medium Grey Proeutectic 56.3 20.9 6.6   0.9 2.8 0.5 

Subject Manifold End 

White Eutectic 6.1 5.3 49.0 29.7  2.4 7.3  

Medium Grey Eutectic 37.6 35.2 18.3   1.8 6.5  

Medium Grey Proeutectic 53.1 29.0 6.6   2.4 8.9  

 

 

Results and Discussion 

 

The fractured component microstructure and fracture surface were systematically studied to 

identify the cracking mechanism. Previous failures of similar components and materials have 

been shown to fail through fatigue, intergranular stress corrosion or transgranular stress 

corrosion, so each mechanism needs to be considered as a possibility until ruled out. 

 

The feathery appearance shown in Figure 6 was commonly observed, which is sometimes 

suggestive of transgranular stress corrosion cracking (TGSCC). Crack branching and the 

presence of chlorine are telltale signs of TGSCC, but neither were found, and thus TGSCC was 

ruled out as a significant factor. 

 

It is well-known that the brazing process occurs in the temperature range where sensitization of 

austenitic stainless steels can occur and may result in intergranular stress corrosion cracking 

(IGSCC). However, while a relatively small number of austenite grain facets were visible on 

the fracture surface, the vast majority of fracture surface was transgranular, either feathery or 

with faint striations. Furthermore, the carbon content of the fuel line was only slightly higher 

than the limit of 0.3wt% and austenite grain boundaries were not excessively coated with 

carbides. Therefore, in this case, IGSCC due to sensitization does not appear to be a significant 

factor. 

 

The evidence most clearly supported fatigue as the crack growth mechanism. The fracture 

surface displayed multiple crack origins separated by ratchet marks, clear beach marks (Figure 

4), and sub-micron spaced, faint fatigue striations in the vicinity of beach marks (Figure 7). The 

feathery fracture surface appearance is observed in stage I fatigue crack growth [10, 11], and is 

consistent with a low nominal stress in the present case. It is most likely that engine vibrations 

and air flow around the engine excited one or more natural frequencies of the fuel line, over the 

wide range of engine and aircraft speeds in normal operation. If we assume the fuel line is a 

round, hollow beam fixed at each end, with self-weight only and dimensions stated previously, 

the first natural frequency is approximately 126Hz. Over the 50 hours since its last maintenance, 

the fuel line could have experienced up to 23 million cycles.  

 

Another contributing factor to this failure is residual stress. The fuel lines are originally 

supplied completely straight, and are bent into place to fit as required. The dimensional 

requirements for the bend minimum radius and minimum distance from the nozzle end are 

15.88 mm and 17.53 mm, respectively, as shown in Figure 2. In the subject case, the actual 
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bend radius and distance from the nozzle end are ~12.2 mm and 13 mm, respectively, as shown 

in Figure 9. Thus, neither dimensional criterion was met in the subject, i.e., the bend was 

located too closely to the ferrule and with too tight of a radius. Furthermore, the fatigue crack 

initiated on the extrados of the bend (see location A in Figure 9), which is consistent with a 

location of a tensile residual assembly stress. This residual tensile stress due to assembly was 

superimposed on the fluctuating stress present due to vibrations.  

 

An additional contributing factor in this case was the use of an incorrect braze filler metal. The 

EDS results show that the fuel line braze at the fracture was consistent with a repair, since it did 

not match the original manufacture specification, which is AMS4768 (ANSI/AWS BAg-2, 

UNS P07350). The reason for the repair is unknown but it is possible that the brazed connection 

fuel line had fatigued previously and was leaking to prompt this repair. Fuel line repair is 

prohibited by Lycoming in service bulletin 342. Nevertheless, this fuel line was repaired and an 

inappropriate braze filler metal was used in the subject case (ANSI/AWS BCuP-5, UNS 55284 

[12]), which contains 5wt% phosphorus. The copper-silver-phosphorus braze filler metals 

should not be used on stainless steel because phosphorus forms a brittle intermetallic at the base 

metal-filler metal interface [13, 14]. Figure 10 shows that the intermetallic layer contains cracks 

on the initiation side, the tension side of the bend. There appears to be speculation in the 

literature that a nickel phosphide forms, but in this case at least, EDS spectra indicate that the 

intermetallic is predominantly an iron-phosphorus compound, probably Fe3P. There is also 

microstructural and compositional evidence that some of the original filler metal remained in 

the repair braze joint, since there were small amounts of cadmium present. The braze on the 

subject fractured nozzle end, location B, is consistent with the correct braze filler, AMS4768, 

but note that the primary (proeutectic) copper-zinc-rich phase dendrites are randomly oriented 

in Figure 11. In comparison, in the braze at the manifold end of the fuel line (Figure 12), 

primary dendrites are growing with a columnar morphology from the stainless steel base metal - 

filler meta interface. The microstructure suggests that the remaining original braze on the 

repaired joint was re-melted, and primary proeutectic dendrites nucleated in the melt rather than 

at the base metal. Note also that it is unknown whether a flux was employed, but if a flux was 

used then it likely would have contained chlorine or fluorine. However, no evidence of chlorine 

or fluorine was found using EDS.  

 

Overall, all of the contributing factors would have acted synergistically. It is likely that fatigue 

crack initiation and growth was caused by the pre-existing cracks in the intermetallic formed by 

the braze repair, coupled with residual assembly stress due to bending, and fluctuating stresses 

due to engine vibrations and air flow exciting one or more fuel line natural frequencies. 

 

The current strategy for avoiding problems due to cracked fuel lines is to detect cracks by visual 

inspection. The Lycoming service bulletins [15, 16] instruct that fuel lines must be examined 

for any sort of damage, which would be indicated by "leaks, dents, pits, nicks, kinks, stains 

caused by fuel leaks, cracks, brittleness, or chafing". Service bulletin 342 also advises that fuel 

line clamps and cushions be inspected, first to confirm their presence and then to determine if 

they have deteriorated. This bulletin suggests that a visual inspection is appropriate and that the 

inspection frequency will be 100 hours or when the fuel lines or clamps are serviced in any way. 

According to the USAF Damage Tolerant Design Handbook [17], "Visual inspections are the 

most common and the most economical of the inspections to perform. However, visual 

inspections are also the least reliable in terms of the size of the cracks that can be detected." In 

the present case, fatigue cracks are known to occur in the vicinity of the brazed joint between 

the fuel line and the ferrule, but may not be accessible for visual inspection. It could be argued 

that the inspection of cracks on a fuel line, especially in the braze, would be difficult without 

removing the line. In the present case, an annual inspection apparently failed to detect a cracked 
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fuel line ~60 hours prior to the incident, since it is unlikely that the fuel line cracked and then 

failed completely within 60 hours. Therefore, the inspection strategy appears to be ineffective. 

 

A recent FAA airworthiness directive (AD) 2015–19–07 [18] specifically states that engine 

manufacturers other than Lycoming are not considered in the airworthiness directive on fuel 

lines, even though their engines also use rigid stainless steel fuel line of a similar design. 

However, a search of Service Difficulty Reports dating from January 2000 to present revealed 

issues involving the fuel injector lines of other engines as well.  Of the twenty-five incidents in 

other engines discovered in the search, there were four occurrences of fractured fuel injector 

lines and nine cracked or split fuel injector lines.  The remainder lines were worn or chafed. 

 

As mentioned previously, the possibility of cracking in fuel lines is a known problem. The most 

recent Lycoming service bulletin 342G [15] concerning the cracking problem with brazed, 

stainless steel fuel injection lines states: "Examine fuel lines every 100 hours, annual inspection, 

overhaul and any time fuel lines or clamps are serviced, removed or replaced." A previous 

version states "There have been instances of fuel line breakages where support clamps have 

been omitted during field overhaul or repair. The support clamps dampen line vibrations due to 

the impact of cooling air and vibration from the engine and/or aircraft. Also, the fuel supply 

lines between the fuel injector manifold and the nozzles can become damaged and leak if they 

are severely bent or kinked during engine maintenance." [19] Service Bulletin No. 342G at first 

required an 8-inch spacing but in Supplement No. 2 was revised to be a non-specific spacing. 

[16] The presence of cushions and position of clamps is important for damping vibrations 

and/or increasing the natural frequency of the span of fuel line to eliminate or reduce resonance. 

Components' natural frequencies must be more than 20% away from any excitation frequency 

to avoid fatigue due to vibration [20]. In general, the natural frequency can be elevated by 

increasing the mass per unit length and second moment of inertia, or decreasing the 

unsupported length (i.e., with support clamps in the present case). A clamp with an intact 

chloroprene cushion was present, and there was no indication the clamp was not functioning as 

intended. Therefore, the current Service Bulletin may not adequately address the problem. 

 

The NTSB specifically states in A-92-10 [2] that the cause of fuel line failure is "excessive tube 

vibration due to lack of support in the engine assembly." However, there is no evidence that 

inadequate clamping is the root cause of the present failure. In this and some previous cases, the 

clamping was documented as carried out according to the manufacturer’s instructions. If 

inadequate clamping were the root cause, why were there not more occurrences prior to the 

original AD, and not eliminated afterward? This general type of fuel line failure appears to be 

caused by a number of contributing stochastic factors, including the ever-present vibrations 

likely to excite the natural frequencies of the fuel lines and the variability of implementation 

which may lead to residual stresses. Therefore, it appears that the design is inherently 

susceptible to failure. Considering that the problem of cracking fuel lines has caused multiple 

fatalities over the past 45 years, it would be reasonable to consider alternative designs. The 

possibility of increasing the fuel line natural frequencies above the operational range of the 

engine speed is feasible and would only require the use of more clamps or an increase in the 

diameter and wall thickness of the fuel line.  Furthermore, there are at least two patents [21, 22] 

that acknowledge the possibility of vibrations in fuel lines, and seek to address the problem of 

fatigue. Whether these concepts would be effective in the present situation could be assessed. 

Also, alternative materials selections could be considered, since 300-series (austenitic) stainless 

steels are more susceptible to stress corrosion cracking and fatigue crack initiation than some 

other alloys. 
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Conclusions 

 

1. An aircraft fuel injection line fractured, causing an in-flight fire. 
2. The subject fracture surface revealed that fatigue was most the likely dominant failure 

mode. 
3. The source of alternating stress was most likely engine vibrations and air flow in the 

engine compartment, causing resonance in the fuel line. 
4. This investigation showed that the fuel line had been repaired using a copper-

phosphorus-silver braze. The brazing operation introduced a deleterious, brittle iron-
phosphorus intermetallic layer at the braze-base metal interface, which contained 
cracks. 

5. The dimensions of the bend in the fuel line did not meet manufacturers specifications, 
resulting in residual tensile stresses due to installation.  

6. This design is susceptible to fatigue failure and a change to an alternative design or 
material should be considered. 
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Figure Captions 

 

Figure 1 - Photograph of the subject fuel line. 

 

Figure 2 - Schematic diagrams showing the fuel line layout and geometry of (1) the fuel line 

and (2) clamp. Specified dimensions A and B are 17.53 mm (0.69 inches) and 15.88 mm (0.625 

inches), respectively. The fuel line on #5 cylinder fractured. 

 

Figure 3 – A photograph of the fracture surface shows crack arrest marks, multiple initiation 

sites separated by ratchet marks, and crack growth direction starting from approximately the 11-

12 o'clock position as shown and progressing toward the 5-6 o'clock position. The white boxes 

show the locations of Figure 6 - 8. 

Figure 4 – A low magnification secondary electron image shows a perspective view of the fuel 

line fracture surface, in a similar orientation to Figure 3.  

Figure 5 – Secondary electron micrograph shows at least three closely-spaced crack initiation 

sites separated by ratchet marks, indicated by arrows.  

Figure 6 – Secondary electron micrograph shows a feathery transgranular morphology that 

represents the majority of the fracture surface. 

Figure 7 – Secondary electron micrograph shows fatigue striations that were occasionally 

observed. 

Figure 8 – Secondary electron micrograph shows intergranular facets that were occasionally 

observed, indicated by arrows. 

Figure 9 - Metallographic samples of the subject fuel line at the fractured, injector nozzle 
end (left) and manifold end (right). The fuel line diameter was measured to be 3.175 mm 
(0.125 inches), bend radius was ~12.2 mm the bend commences at ~13mm from the end 
of the ferrule. The fracture initiated at location A, and progressed toward location B. 

Figure 10 – Backscatter electron image of the microstructure at fracture location 'A'. The higher 

magnification inset reveals the intermetallic layer, with a crack indicated by the white arrow. 

Figure 11 – Backscatter electron image of the microstructure at fracture location 'B'. The higher 

magnification inset reveals the intermetallic layer. 

Figure 12 – Backscatter electron image of the microstructure at the manifold side braze joint. 

The higher magnification inset reveals the no evidence of an intermetallic layer. 

Figure 13 – Optical micrographs of metallographic samples, electrolytic etch 10% oxalic acid at 

3V for 10-20 seconds. Near the braze, (a) some austenite grains are decorated with carbides and 

(b) 1 cm away from the braze the austenite grain boundaries are clean. 

  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 10 

Highlights: THE CRACKING PROBLEM IN BRAZED, STAINLESS STEEL FUEL 

INJECTION LINES  

 

 

 

1. An aircraft fuel injection line fracture caused an in-flight fire. 
2. There have been many previously documented instances of fractured fuel lines. 
3. Scanning electron microscopy of the fracture surface revealed evidence that fatigue 

was most likely dominant failure mode. 
4. The fuel line had been improperly repaired using a copper-phosphorus-silver braze.  
5. This design is susceptible to failure and a change to an alternative design or material 

needs to be considered. 
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