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Subject: Large Impeller Failure  
 

We received a 28 inch long by 5 ¾ inch tall by 1 ½ inch thick section of a fractured vane 
from a 72 inch diameter circulating water pump impeller.  The impeller was removed from 
service on after a high level of vibration was noticed.  We were provided the fractured vane 
from the impeller and were asked to perform a failure analysis and provide the metallurgical 
cause of the failure. 
 
 Our analysis found the failure of this impeller vane was caused by fatigue.  Fatigue 
refers to slow, progressive crack initiation and growth due to the application of dynamic 
stresses (e.g. tension-compression-tension-compression…, or on-off-on-off…).  Analysis 
performed at multiple locations found definitive evidence that the crack was initiated and 
propagated by fatigue.  Based on the striation spacing it is estimated that failure occurred in 
hours to weeks and based on the absence of crack arrest marks once the crack was initiated, 
it grew to failure uninterrupted (i.e. the impeller was in continuous operation) until the impeller 
was removed from service.  It is also estimated based on the time in service and pump RPM 
that the impeller would have exceeded fatigue run out (e.g., 10 million cycles) under normal 
operating loads within a month of initial service.  This calculation and the accumulated 
evidence indicate that the failure was the results of a recent abnormal load such as contact 
with the surrounding impeller shroud. 
 
 The fracture observed in this impeller was not attributed to material defects.  While non-
metallic inclusion and shrinkage porosity indications were detected, no evidence that these 
discontinuities promoted fatigue crack initiation was revealed by the analysis.  The casting 
quality was consistent with typical commercial castings.  Room temperature tensile properties 
measured on specimens excised from the failed vane met the specified minimum values.  
Similarly, the measured alloy chemistry complies with the requirements of the specification.  
 

Due to the lack of plastic deformation found on and around the fracture surface, a 
single overload was not the cause of this failure.  Similarly, the absence of extensive 
secondary or branched cracking eliminates stress corrosion cracking (SCC) as the cause of 
failure. Significant pitting or general corrosion, impact damage, or cavitation was not apparent 
at the fracture initiation site. 

 
 The impeller in this analysis was a 6 vane, 72 inch diameter, CF-3M austenitic stainless 
steel casting.  It operated at 390 RPM in a circulating water system.  The impeller had been in 
services for 12-15 years.  This pump was started, after a shutdown, and was removed from 
service due to excessive vibration on 40 days later.  Once removed it was discovered that one 
of the six vanes had fractured and was displaced towards the suction side.  Operation since 
the shutdown was reportedly continuous, resulting in a total of approximately 20 million 
rotations.  It was reported that this pump exhibited an unusual increase in motor current draw 
during the roughly 1 month of operation following the shutdown. 
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Visual inspection of the impeller on-site found one of the six vanes fractured through 
approximately 80% of the distance from the leading to the trailing edge of the vane.  The failed 
vane was displaced towards the suction side of the vane, a result of the clockwise (as shown 
in Figure 1) rotation.  Inspection of the impeller shroud and vane tips revealed evidence that 
each of the vane tips had been in contact with the inner surface of the shroud.  The pattern 
showed discrete areas of wear around the circumference rather than a continuous band of 
wear.  The wear pattern indicated that a given vane may have one or more “contact events” 
per rotation.  Inspection of the impeller vanes on-site found that each of the six vane tips 
showed signs of wear.  On average the apparent wear was approximately 0.160 inches with 
only a small area on each vane near the leading edge that appeared to be in the as-machined 
condition.  This apparent interrupted contact pattern would predictably result in a cyclic 
bending load applied to the vanes that would place the pressure side in cyclic tension. 

 
Red dye penetrant inspection was performed on the leading edge area of all six vanes 

on the impeller.  Evaluation of the indications according to the requirements of the provided 
specification identified multiple linear defects on Vanes 1, 3, 5, and 6.  The linear defects were 
found primarily on the pressure side of the vane and the longest defects were between 3.5 and 
3.7 inches long.  These results are evidence of multiple crack initiation sites which is 
consistent with fatigue initiated failure.  Shrinkage or gas porosity or gross non-metallic 
inclusions at these locations of linear defects were not revealed by the red dye penetrant 
inspection. 

 
Visual inspection and optical fractography of the fracture surface of Vane 1 found 

virtually no evidence of plastic deformation apart from the small area of the final overload 
failure.  Some slight cracking and deformation was observed on the suction side of the vane 
suggesting the crack propagation was primarily from the pressure to the suction side of the 
vane.  This conclusion is also supported by the location of the final overload failure which was 
on the suction side of the vane.  Non-metallic inclusions and shrinkage porosity were found on 
the fracture surface but no evidence was found that they acted as crack initiation sites.  The 
level of defects was consistent with a commercial quality casting of this size.  The fracture 
surface features were dominated by the solidification structure and the coarse grain structure 
of the casting.  Crack arrest marks or clear indications of a direction of crack growth were not 
apparent.  Visual fractography did not identify a crack initiation site. 

 
In an effort to evaluate if stress corrosion cracking (SCC) was a potential cause of 

failure, energy dispersive x-ray (EDX) spectra were taken from a small section of the leading 
edge away from the fracture surface.  This area was predictably handled less and was 
expected to be more representative of a “service exposed surface” than the fracture surface 
itself.  The EDX results for the base metal were consistent with CF-3M material.  Other 
elements detected on the surface were water born elements including calcium, sodium and 
magnesium.  Phosphorous and zinc, which are common in cooling water corrosion inhibitors, 
were also detected.  Significantly, no appreciable chlorine was detected.  Chlorine is a potent 
corrodant and in the form of the chloride ion (Cl-) is known to promote SCC (SCC) in austenitic 
stainless steel.  The absence of chlorine helps to exclude SCC as a potential cause of the 
failure. 

 
Fractography performed using the scanning electron microscope found definitive 

evidence of fatigue crack growth.  Multiple locations of fine (~1 µm) fatigue striations were 
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found, the orientation of which indicated the crack growth was from the pressure side to the 
suction side of the vane.  The striations were comprised of fine striations separated by multiple 
very fine striations.  Given this striation configuration a periodic bimodal stress condition 
appears to have caused the crack growth (e.g. LOAD, load, load, load, load, load, load, load, 
load, load, load, load, load, LOAD, load, load, load, load, load, load, load, load, load, load, 
load, load, LOAD, load, load, load...). 

 
Metallographic sections were taken through the fracture at pressure side locations of 

likely crack initiation.  As stated above, clear evidence of initiation site locations was not 
present.  Only very minor secondary cracks or crack branching was present, this excludes 
SCC as the cause of failure.  The microstructure was typical for CF-3M austenitic stainless 
steel.  The microstructure consisted of an austenitic matrix with islands of delta ferrite.  No 
significant casting related defects were apparent in the sections. 

 
Mechanical property and alloy chemical analysis results conform to the specification 

requirements.  Based on these results, combined with the lack of casting or material defects 
found by optical and scanning electron microscopy or by metallographic inspection, material 
defects or deficiencies can be excluded as a cause this failure. 

 
The conclusion of this analysis is that fatigue crack initiation and propagation was the 

cause of this impeller failure.  Once initiated the crack grew uninterrupted until the impeller was 
removed from service.  Based on the fatigue striation spacing it is estimated that failure 
occurred in hours to weeks.  The failure cannot be attributed to normal loading conditions and 
is likely a result of the abnormal cyclic stress produced by a recent event such as the impeller 
contacting the shroud during operation. 
 

Detailed results of our analysis are shown in the attached figures.  Thank you for 
working with Lisin Metallurgical Services.  Please feel free to call with any comments or 
questions about this analysis. 

 
Sincerely,  
 

Noah Third 
Lisin Metallurgical Services 

 

Mark A. Lisin, P.E. 
Lisin Metallurgical Services 
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                          Failed Impeller 

  
                          Fracture Surface of Vane 1 

 
Figure 1 

Failed pump impeller on-site.  In order to maintain traceability the vanes were arbitrarily 
assigned numbers in a clockwise direction with the failed vane designated as Vane 1. 
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     Inner Surface of Impeller Shroud 
     (Photo supplied by Client) 

 
                 Inner Surface of Impeller Shroud 

 
Figure 2 

The inner surface (mating surface) of the impeller shroud shows signs of contact in two 
discrete locations approximately 120° apart.  The discrete areas of contact indicate that the 
vanes would have seen interrupted loading and multiple load or stress cycles per rotation 
of the impeller. 
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 Vane 1 Tip 

 
 Vane 2 Tip 

 
  Vane 3 Tip 

 
Vane 4 Tip 

 
 Vane 5 Tip 

 
  Vane 6 Tip 

 
Vane Tip Wear, Vane 6 

 
Vane Tip Wear, Vane 6 

 
Figure 3 

Tip wear on vanes.  The tip surface of all six vanes showed signs of wear.  While the depth 
of wear varied slightly, it was approximately 0.160 inches.  The wear evident on the vanes 
combined with the wear pattern observed on the shroud confirms the impeller vanes were 
contacting the shroud during service operation.  Based on the direction of rotation the 
contact would have produced a bending load and a resulting tensile stress on the pressure 
side of the vane. 
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Red Dye Penetrant Inspection Area 

 
Vane 1 Defects 

 
Vane 3 Defects 

 
Vane 5 Defects 

 
Vane 5 Defect 
 

Figure 4 
A red dye penetrant inspection was 
performed in the area focused around the 
leading edge of all six vanes of the 
impeller.  Client Specification XXXX was 
used to evaluate the indications.  No 
significant rounded defects were reported 
in the area inspected for all vanes and no 
linear defects were found in Vane 2 or 4.  
However, multiple linear indications greater 
than the maximum allowed were found on 
Vanes 1, 3, 5 and 6.  These defects were 
found on the pressure side base radius of 
the vanes and the longest defect was 
approximately 3.5 to 3.7 inches in length.  
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 As-Received Section of Failed Vane (Vane 1), Pressure (Convex) Side 

 

 
 As-Received Section of Failed Vane (Vane 1), Suction (Concave) Side 

 
Figure 5 

As-received section of failed vane (Vane 1).  Surface of the casting was very rough and 
exhibited evidence of grinding on the entire cast surface.  No evidence of contact damage 
or damage caused by impact from another part was found on the as-received section of 
the vane.   Neither corrosion pits nor corrosion product were apparent on the cast surface 
of the sample.  Inspection of the vane surface also did not identify any evidence of local 
overheating or electric discharge damage. Cavitation damage was present on the vanes 
but was not located along the fracture path.  
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As-Received Section of Vane 1 

 

 
Fracture Surface Area A 

 
 Fracture Surface Area B 

 
Figure 6 
The fracture surface of Vane 1.  Some light rust colored oxidation was visible on the 
fracture surface and was more pronounced near the leading edge.  The areas with more 
pronounced oxidation (Area A in this figure and Area C in Figure 7) may have been 
exposed longer which suggests potential areas of crack initiation.  However, based on the 
light oxidation and uniform nature of the coating, a corrosion based fracture mechanism is 
unlikely. Limited evidence of ductility was seen on the fracture surface with only slight 
plastic deformation found on the suction side of the vane at the location of the final ductile 
overload.  The fracture surface was rough and revealed a coarse cast grain structure. 
The crack propagation was transgranular (through the grains) and the fracture path was 
dictated by this coarse cast microstructure.  Inpection of the surface did not definatively 
identify any crack initiation sites and no crack arrest marks were found.  A 1.7 inch non-
metallic inclusion was found on the pressure side of the vane in Area B, however, no 
evidence that this was a crack initiation site was detected.  Review of the fracture surface 
did not reveal any evidence of hot tearing (a common casting defect).   
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As-Received Section of Vane 1 

 

 
Fracture Surface Area C 

 
Fracture Surface Area D 

 
Figure 7 

The fracture surface of Vane 1.  An area of shrinkage porosity was evident at mid-wall 
thickness approximately 17 inches from the leading edge, however, the shrinkage was not 
found to have been at a crack initiation site.  No evidence of hot tearing was found on the 
surface.  No clear crack intiation sites were found on the fracture surface.  The final ductile 
overload failure was apparent on the suction side in Area D.  The location of final overload 
suggests that the crack propogated from the pressure to the suction side of the vane.  An 
absence of crack arrest marks suggests continuous loading from fracture initiation to final 
overload. 
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Figure 8 
A backscattered electron image and energy dispersive x-ray (EDX) spectra for Vane 1 
leading edge surface.  In an effort to rule out corrosion assisted fracture mechanisms, a 
small area of the surface of Vane 1, away from the fracture surface, was removed and 
inspected in the as received condition. The base metal spectrum was consistent with CF-
3M stainless steel alloy.  The spectra from the deposit on the sample showed elevated 
levels of oxygen, calcium, phosphorus, sodium, magnesium and zinc over the base metal.  
The calcium, sodium and magnesium are water born solids and are likely from the water 
system.  Similarly, the phosphorous and zinc are likely from zinc phosphate which is a 
typical corrosion inhibitor added to cooling water systems.  No appreciable chlorine was 
detected by EDX which is significant because chloride (Cl-) is known to be a strong stress 
corrosion (SCC) promoter in stainless steels .
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Figure 9 

Secondary electron images acquired from the vane fracture surface at a location near the 
suction (concave) side approximately 3/4 inches from the leading edge of the fractured 
vane.  The striated features appear characteristic of fatigue cracking.  A fatigue striation 

spacing well under 1 m is apparent.
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Figure 10 
Secondary electron images acquired from the vane fracture surface at a location near the 
suction (concave) side at a location approximately 1 inch behind the leading edge.  Very 
fine fatigue striations appear as the faint, parallel, slightly curved lines.  The presence of 
fatigue striations confirms that fracture was the result of fatigue.  A fatigue striation spacing 

of approximately 1 m indicates crack advance of approximately 1 m with each load cycle 
once the crack was initiated.  The fatigue striations exhibit distinct packets separated by a 
more pronounced striation.  The appearance suggests a periodic, bimodal load distribution 
such as load, load, LOAD, load, load, load, load, load, load, load, load, load, load, load, 
load, LOAD, load, load, load, load, load, load, load, load, load, load, load, load, LOAD, 
load, load, load..., with roughly 50 to 100 cycles within a packet.  The orientation of the 
striations suggests fracture propagation through the thickness of the vane (the crack 
growth direction is roughly perpendicular to the thickness of the vane) rather than from the 
leading edge toward the trailing edge.  Shrinkage porosity, hot tearing, slag inclusions, or 
other casting related discontinuities were not revealed by the examination at this location.   
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Figure 11 

Secondary electron images acquired from the fracture surface approximately 7.5 inches 
from the leading edge near the suction side of the vane.  Very fine fatigue striations are 
evident on the fracture surface.  Similarly, to what was seen in Figure 10, the more coarse 
striations have many finer striations between them.  This pattern indicates a periodic 
bimodal loading condition.  The more distinct striations have a spacing of approximately 1 
µm while the faint striations are too fine to resolve at 15k magnification. 
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Figure 12 

Assumes:  
- crack has already been initiated (ignores time to initiate crack) 
- assumes 390RPM and single stress cycle per revolution 
- striation spacing measurements are not precise 

a) Striation Spacing 1 µm =3.94 X 10-5 in 
          1 in section         = 25,380 cycles/390RPM = 65   mins = 1 hr 
          2.75 in section    = 69,797 cycles/390RPM = 179 mins = 3 hrs  

b) Striation Spacing 0.1 µm (3.94 X 10-6 in) (10 minor striations between majors) 
          1 in section         = 253,807 cycles/390RPM = 650   mins  =  11 hrs 
          2.75 in section    = 697,970 cycles/390RPM = 1790 mins  =  30 hrs  

 
While the time to crack initiation is not known, based on the crack propagation time it is 
likely this failure occurred in a time frame of hours to weeks and not years.  It is also 
important to note that the absence of crack arrest marks on the fracture surface 
indicates that once the cracking initiated, the loading conditions did not change 
appreciably (i.e. the impeller was in continuous operation).  In engineering design a 
component that can achieve 107 cycles is considered to have an infinite fatigue life 
(fatigue runout).  Taking this into account at under normal loading conditions at 390 RPM 
this impeller exceeded the runout limit after 17 days of service.  Since the impeller has 
been in services for 12-15 years this indicates normal services loads did not cause this 
fatigue failure. 
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Figure 13 

Backscattered and secondary electron images and energy dispersive x-ray (EDX) spectra 
acquired from the vane fracture surface at a location near the leading edge.  Low density 
deposits are likely calcium silicate.  The mud-crack features are simply an oxide of the 
stainless steel substrate.   
 



 
Specializing In Failure Analysis 

2335 SE Harrison, Milwaukie, Oregon 97222 Ph. (503) 657-0557 Fax (503) 657-6207 Mark@lisinmet.com 

 

17  

 
 

 
 
Figure 14 

Secondary electron images taken of an area of shrinkage porosity approximately 17 inches 
from the leading edge at mid-wall thickness.  The dentritic solidification structure is evident, 
indicating shrinkage porosity.  No evidence was found that cracking initiated at the area of 
porosity.  
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Section Through Fracture Surface at 9.5 
Inches from Leading Edge (Pressure Side), 
Etched 10% Oxalic Acid 

 
Section Through Fracture Surface at 9.5 
Inches from Leading Edge, Etched 10% Oxalic 
Acid 

 
Section Through Fracture Surface at 9.5 
Inches from Leading Edge, Etched 10% Oxalic 
Acid 

 
Section Through Fracture Surface at 9.5 
Inches from Leading Edge, Etched 10% Oxalic 
Acid 

 
Figure 15 

A transverse metallographic section through the fracture surface was taken approximately 
9.5 inches from the leading edge at the pressure side.  Because insufficient evidence was 
found to definitively identify a crack initiation site the section was selected as a candidate 
based on visual inspection of the fracture surface and the fatigue striation orientation seen 
with secondary electron imaging.  Only very minor (3-4 across the section) secondary 
cracks were observed.  In cases of stress corrosion cracking (SCC) extensive secondary 
cracks are present so the lack of cracks excludes SCC as a cause of failure.  The 
microstructure revealed by an electro chemical etch with 10% oxalic acid is ausenite with 
islands of delta ferrite which is typical of a CF-3M stainless steel alloy.  Only minor non-
metallic inclusions, typical of commerical quality castings were found.  No significant 
shrinkage porosity was evident in this section. No evidence of sensitization (susceptibility 
to intergranular corrosion or cracking) was revealed by the metallographic examination. 
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Section Through Fracture Surface at 6.5 
Inches from Leading Edge (Pressure Side), 
Etched 10% Oxalic Acid 

 
Section Through Fracture Surface at 6.5 
Inches from Leading Edge (Pressure Side), 
Etched 10% Oxalic Acid 

 
Section Through Fracture Surface at 6.5 
Inches from Leading Edge (Pressure Side), 
Etched 10% Oxalic Acid 
 

Figure 16 
A transverse metallographic section 
through the fracture surface was taken 
approximately 6.5 inches from the leading 
edge at the pressure side.  Similar to the 
section shown in Figure 15 this section 
was selected in the absence of a definative 
crack initiation site.  No secondary cracking 
was observed in this section indicating 
stress corrsoion cracking was not the 
cause of the failure.  The microstructure 
was the same as that shown in Figure 15, 
an austenitic matrix with islands of delta 
ferrite which is typical of CF-3M alloy. No 
significant non-metallic inclusions or 
shrinkage was found in this section.  
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Section Through Fracture Surface at 16 Inches from 
Leading Edge (Pressure Side), Etched 10% Oxalic 
Acid 

 
Section Through Fracture Surface at 16 Inches from 
Leading Edge (Pressure Side), Etched 10% Oxalic 
Acid 
 

Figure 17 

To characterize the shrinkage porosity, a transverse metallographic section was taken at 
16 inches from the leading edge through the vane (near mid-wall thickness).  No 
secondary cracking was seen in this section which confirms the fracture mechanism was 
not stress corrosion cracking.  Shrinkage porosity should be minimized as it reduces the 
local wall thickness and acts as a stress riser.  However, the level of shrinkage is 
consistent with a casting of this size and no evidence that this area of shrinkage was a 
crack initiation site was detected. 
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Section Through Fracture Surface at 16 Inches from Leading Edge (Pressure Side), 
Etched 10% Oxalic Acid 
 
Figure 18 

A transverse metallographic section through the fracture surface was taken approximately 
9 inches from the leading edge at the pressure side. A cross-polarized image of the etched 
surface shows the austenitic matrix with islands of delta ferrite typical of a CF-3M cast 
alloy.  
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Table 1 Room Temperature Tensiles Test Results 
 

Laboratory Test 
Tensile 

Strength 
(ksi) 

Yield 
Strength 

(ksi) 

Elongation 
in 4D (%) 

Reduction 
of Area (%) 

Orig. 
Gage Dia. 

(in) 

RTT1 85.6 48.8 30.5 48.5 0.352 

RTT2 86.7 47.1 38.0 70.0 0.351 

Method: ASTM A370-12a 

Specification 
Tensile 

Strength 
(ksi) 

Yield 
Strength 

(ksi) 

Elongation 
in 4D (%) 

Reduction 
of Area (%) 

Orig. 
Gage Dia. 

(in) 

CF-3M  
Client Specification 

70 30 30 - - - 0.5 

 
Room temperature tensile tests were performed on samples taken from Vane 1.  The 
specimens were oriented parallel to the vane (leading to trailing edge direction).  The 
excised test bars were 0.35 inch in diameter which is smaller than the 0.5 inch diameter  
called out in the Client’s Specification, however, the smaller diameter is more rigerous 
given the size of the casting and resulting grain and defect size (grain and defect size are 
large when compared to the test bar diameter).  All of the results reported met the 
requirements of the specification. 
 

Table 2 Alloy Chemistry Results 
 

Element 

CF-3M  
Client 

Specification 
(wt%) 

Results  
(wt%) 

Carbon 0.03 Max 0.029 

Manganese 1.5 Max 0.48 

Phosphorus 0.040 Max 0.005 

Sulfur 0.040 Max 0.032 

Silicon 1.5 Max 1.30 

Chromium 17.0-21.0 20.53 

Nickel 9.0-13.0 10.14 

Molybdenum 2.0-3.0 2.24 

Copper - - - 0.48 

Iron Balance Balance 

Results in weight percent unless otherwise indicated. 

Method(s): ASTM E1086-08 (OES)  

 
The alloy chemistry was measured using opical emission spectroscopy.  The reported 
results meet the requirements of CF-3M per the client’s specification.  


